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ABSTRACT 



Modular DC Zonal Electrical Distribution (DC ZEDS) offers advantages in both 
cost and weight over traditional radial shipboard distribution. In order to equip the 
next class of surface combatant with DC ZEDS, preparative research includes the 
design of autonomous dc-to-dc power converter modules having robust load sharing 
capability. This thesis examines the combined utility of current-mode switch control 
and frequency-based load sharing to promote equal load sharing among parallel dc-to- 
dc converter modules. 

Current-mode control with frequency-based load sharing is analyzed primarily 
with digital simulation. To that end, a state-space representation for a system of two 
converters and an Advanced Continuous Simulation Language (ACSL) simulation for 
a system of three converters are developed. Various studies were conducted to 
evaluate the performance of a proposed system for load sharing performance between 
dissimilar converters, for step changes in load, and for bringing a converter off-line . 
Additionally, a sub-circuit of frequency-based control — the rms frequency estimation 
circuit— was built, and its static performance evaluated. Finally, recommendations 
are made for further simulations which will better test the dynamic performance of 
this rms estimation circuit and the system of parallel converters employing 
frequency-based load sharing as a whole. 
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I. 



PROJECT BACKGROUND 



A. RADIAL DISTRIBUTION 

The standard paradigm for electric power distribution aboard Navy ships is radial 
distribution. With this scheme, a small number of 60 Hz generators located throughout 
the ship supply power to all shipboard loads via a hierarchical array of switchboards. The 
distribution system in any ship is designed to survive reasonably expected battle damage, 
such as disabling a single generator or large distribution switchgear. Survivability for 
loads considered vital to the ship’s mission is realized by powering them redundantly. 
Vital loads can be thought of as the merging of branches from hierarchical trees of two 
separate generators. 

Loads in each physical area of the ship are generally powered by local power 
panels. However those local power panels receive power from many different switchgear 
located throughout the ship. Many such local power panels will be located within most 
watertight sections of the ship. Sometimes it is necessary to secure power to a group of 
loads in close physical proximity, say to isolate a watertight compartment. With radial 
distribution it becomes very difficult to quickly secure power to them. Further, each class 
of ship has a different set of vital loads and a different number and location of generators. 
Thus it is virtually impossible to standardize radial distribution over several classes of 
ships. Also, radial distribution systems require immense manpower efforts to operate and 
maintain. For these two reasons, an alternative to radial distribution is sought. 

B. ZONAL DISTRIBUTION 

An alternative is zonal distribution. With a zonal scheme, two redundant 
longitudinal buses are fed by each generator. Both buses pass through a number of 
distribution zones, supplying power to loads within each of those zones. Distribution 
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zones will most logically correspond to flooding control zones divided by primary 
watertight bulkheads. The strategy for separation of these two main electrical distribution 
buses will be much the same strategy as for separation of the shipboard firemains — one 
above and one below the waterline, one port and one starboard, minimizing the likelihood 
of a single battle damage event affecting both buses. 




Figure I-l Conventional Radial vs. Zonal Distribution 

Therefore zonal distribution is simpler than radial. The effect of securing faulty 
or damaged distribution equipment is much easier to predict. Securing power to a region 
of the ship is straightforward. Operators trained on one ship using zonal distribution will 
be able to operate the zonal distribution system of another ship, even a ship of a different 
class, with very little training. An additional benefit from zonal distribution is that much 
less cabling is required, providing considerable weight and cost savings [1]. 
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c. 



DC ZONAL DISTRIBUTION 



If dc instead of ac transmission lines are used throughout the ship, some 
significant advantages may be gained. The concept of dc transmission lines used in a 
zonal distribution system is referred to in this thesis as DC Zonal Electrical Distribution 
System (DC ZEDS). 

In the DC ZEDS proposed for use aboard naval surface combatants, power 
generated by each three-phase ac generator is rectified by a Phase-Controlled Rectifier 
(PCR). This dc power from each PCR is then fed to one or both main longitudinal buses. 
Inside each zone, power is tapped off both longitudinal buses by at least one Ship Service 
Converter Module (SSCM) per bus. The SSCM is a solid-state, dc-dc buck converter 
which steps the longitudinal bus voltage down to a lower zone voltage. This dc power at 
the zonal voltage level is then distributed to Ship Service Inverter Modules (SSIMs) and 
SSCMs within the distribution zone, each powering an ac or dc bus respectively. 
Individual loads which are considered vital will be powered by two or more SSIM or 
SSCM modules in parallel. 

The DC ZEDS offers several advantages over ac zonal distribution. First, 
paralleling loads is straightforward when both power supplies are dc. Only the voltage 
must be matched. A pair of coordinated SSCMs can be easily configured to provide 
uninterrupted power to a load as long as one longitudinal bus has power. It is ultimately 
desired that a pair of converters powered from opposite main buses will supply power 
equally to a single vital load. 

Second, variable speed ac motor control is readily achievable with DC ZEDS. 
Variable speed control allows for more efficient operation of large ac motors, such as 
those powering pumps and ventilation fans, than does constant-speed control used in the 
current ac distribution system. 

Third, weight and space usage may both be reduced when DC ZEDS is used 
because the number of power conversion stages may be reduced. For example, steady dc 
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power for some shipboard systems is supplied from 400 Hz ac. If steady dc power were 
readily available as it is in a DC ZEDS, then ac power would never have to be generated 
as an intermediate step. 

A DC ZEDS shows many other advantages over ac radial distribution. In a DC 
ZEDS, a large number of transformers, breakers, motor controllers are replaced by fewer 
and smaller solid-state power converters. Generator frequency is decoupled from 
frequency requirements of individual ac loads. This allows optimizing generator/rectifier 
combinations for size and cost and facilitates operation of the prime mover at its most 
efficient speed. 

A disadvantage of DC ZEDS is that the current state of semiconductor technology 
limits the bus voltage to 1500V to 2000V because of the Insulated Gate Bipolar Junction 
Transistors (IGBTs) and MOS Controlled Thyristors (MCTs) used in SSCMs. A very 
high bus voltage is desired because it will minimize current, and thus minimize the size 
of the conductors required. However, a higher voltage introduces safety concerns and 
isolation issues with the SSCMs. Future advances in semiconductor technology promise 
to provide higher allowable device operating voltages if required. Another small 
disadvantage to DC ZEDS is that shore power, supplied typically as 450 V, three-phase 
ac, must be rectified and converted to the dc bus voltage. 

D. POWER ELECTRONIC BUILDING BLOCK 

The Office of Naval Research sponsors the Power Electronic Building Block 
Program for design of standard modular power conversion devices. Such standardization 
in power electronics will reduce power system design to a task of selecting appropriate 
modules. A Power Electronic Building Block (PEBB) is generally a universal power 
processor which changes any electrical power input to any desired form of voltage, 
current and frequency output. A PEBB in the context of DC ZEDS is, say, an SSIM or 
SSCM which maintains constant output conditions regardless of the load or the number 
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of redundant parallel modules. A PEBB module consists of a power section, a controller 
section, and current or voltage sensors. 

E. DC ZEDS AND PEBB RESEARCH AT NPS 

A number of Naval Postgraduate School theses in recent years have investigated 
DC ZEDS and PEBB issues. A brief overview of those efforts in order of thesis 
completion follows. 

• A detailed SIMULINK model of a portion of a shipboard electric distribution 
system was developed in order to investigate control of a three-phase 
synchronous generator [2]. 

• Constant power characteristics of a DC ZEDS were investigated with reduced- 
order dc-dc converter models. From these PSPICE models, observations were 
made concerning stability and controllability [3]. 

• A method for using the Advanced Continuous Simulation Language (ACSL) 
built-in algebraic solver which neither relied upon reformulated machine 
representations nor introduced fictitious circuit components was developed 

[4]. 

• Work was begun on detailed ACSL modeling of dc-dc buck switching 
converter and a three-phase inverter. Closed-loop algorithms for buck 
converters were investigated, and hardware-in-the-loop studies conducted 
using a dSPACE card in order to validate computer models [5]. 

• A detailed ACSL simulation containing a steam turbine-driven synchronous 
machine, rectifier, filter, and buck converters was developed. This ACSL 
model was used to identify paralleling issues [6]. 

• The closed-loop buck converter algorithm was significantly advanced [7]. 

• A detailed ACSL representation of an Auxiliary Resonant Commutated Pole 
(ARCP) Inverter was developed [8]. 
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• The one-cycle control algorithm for a buck converter was considered and 
implemented. Comparisons were made between the hardware and computer 
representation [9]. 

• Design and fabrication of several buck converter power sections were 
documented [10]. 

• A voltage-mode buck controller was designed, along with the required gating 
circuitry. The associated analog hardware was built and documented [11]. 

• PEBB testbed interconnecting dc-dc and dc-ac converters was fabricated. 

This testbed was intended to simulate various configurations of SSCM and 
SSIM modules. Hardware studies investigating transient response of the 
testbed in a few different configurations were designed and performed [12]. 

• The operation of the Programmable Universal Controller (PUC) — an in-house 
programmable DSP controller — ^was documented and the closed-loop 
algorithm for the buck controller was programmed and validated. 

Additionally an approach for implementing closed-loop control of ARCP 
inverters was suggested [13]. 

• Closed-loop ARCP algorithms were implemented using the PUC [14]. 

F. THESIS GOALS 

This thesis explores design aspects of a switching controller which provides 
robust load sharing among an arbitrary number of dc-dc converters. This controller 
should support the PEBB concept by requiring no control interconnections between 
paralleled units. A method called frequency-based load sharing is investigated to assess 
its utility for DC ZEDS implementation. In addition to investigating this frequency- 
based load sharing control, this thesis also briefly explores the relative merits of current- 
mode and pulse-width-modulation (PWM) control with parallel converter operation. 
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G. 



CHAPTER OVERVIEW 



Chapter II outlines pulse-width-modulation (PWM) and current-mode switch 
control, showing the relative benefits of each. Chapter II also includes a discussion of 
some strategies for the designing a switch controller for load sharing. Among the 
strategies compared is a new method known as frequency-based load sharing. 

With that groundwork established, Chapter III explores design considerations for 
a simple estimation circuit which is a component of a switch controller employing 
frequency-based load sharing. Chapter IV documents the mathematical derivation of the 
models used for analysis and simulation. Finally, Chapter V discusses simulation results 
and Chapter VI states conclusions and recommends further related research. 
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II. BUCK CONVERTER 



A. POWER SECTION 

The bulk of this thesis deals with development of a switch controller for a dc-dc 
converter with good load sharing properties. The following section discusses the buck 
converter power section which the controller will regulate. 

1. Speciflcatiohs 

The analysis and simulations in this thesis are performed assuming 9 kW buck 
converter modules. Reference output voltage (F^ef) is 300 V, and nominal input voltage is 
(F,n) 400V. This combination of and )^„ yields a steady state duty ratio (D) of 0.75. 
The switching frequency (4) is selected to be 20 kHz, resulting in a switching period (T^) 
of 50 ps. Starting with these specifications, the next section highlights critical inductance 
and capacitance derivations for the system used in the subsequent analysis and 
simulation. 



2. Critical Inductance 

Critical inductance, or the minimum inductance for continuous conduction mode 
[15], is given by 

4„=^(l-0) (2-1) 

where is the load resistance below which continuous conduction mode is maintained 
(100 Q). Continuous conduction mode for loads above 10% rated is desired, thus is' 
625 pH. Since it is available in the Power Systems Laboratory, the actual inductor value 
assumed is 760 pH. 
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3. 



Capacitance 



Experience has shown that capacitor selection is constrained by two design 
considerations, voltage ripple and control effort. Capacitor selection to meet the ripple 
criterion as developed by Fisher [15] is given by the expression 



C = 




8AF^ 



(2-2) 



where AVc is peak-to-peak capacitor voltage ripple, and ( 4 ,j„ - 4 , 3 ,^) is the inductor 
current envelope. The expression for 






{V.-V^)DT, 



(2-3) 



also derived by Fisher [15], yields (4,j„ - 1^^) equal to 6 A. The maximum desired peak- 
to-peak ripple is 1%, or 3 V. Thus minimum capacitance to meet the ripple criterion is 
12.5 pF. 

No closed-form expression exists for the second capacitor design criterion, 
controller effort. Simulations using pulse-width-modulation (PWM) switching control 
have shown that a much larger capacitor than is necessary to limit ripple voltage is 
required to prevent the PWM control effort from reaching its limits. A 400 pF capacitor 
was used successfully in PWM simulation and hardware and is used in the analyses 
which follow as well. 



4. Load Network for Parallel Converters 



Given the inductor and capacitor values derived, decisions must be made 
regarding how the system of parallel converters will be modeled. Specifically the type of 
load impedance and connection impedance between each converter’s output and the node 
at which all outputs converge must be specified. 

The load is modeled as a pure resistance in the simulations in this thesis. A 
resistive load is a gross simplification when, realistically, the system of parallel 
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converters may well power an inductive load such as an inverter-driven motor, but this 
simplification was seen as allowable in this thesis, whose purpose is solely to explore 
controller design. Connecting impedances are generally modeled as a transmission line. 
In the context of DC ZEDS however, connecting cables within a zone will be relatively 
short, thus will have negligible effects from inductance. Also, the shunt capacitance will 
be very small and may be ignored. Thus transmission line impedance will be modeled as 
purely resistive. The power section for three parallel converter modules is illustrated in 
Figure II- 1. 

It should be noted that placing several buck converters in parallel, each with 
minimal output cable impedance, will have the same effect as placing each of the 
capacitors from that many converters in parallel. If the output capacitance is 400 p,F for 
one converter, the output capacitance will be close to 1 200 pF with three of those units 
placed in parallel. This significantly complicates the control problem because controller 
gains are dependent upon a constant value of the capacitance, and changing the effective 
capacitance by placing multiple units in parallel makes the controllers behave differently 
depending on how many parallel units there are. Nevertheless we want to design the 
converter modules with their own integral capacitors in order to support the PEBB 
modularity concept. 
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Buck Converter Module #3 Load Network 



Figure II-l Power Section Schematic 



B. SWITCH CONTROLLER 



The power section as described may be fitted with any of a number of types of 
switch controllers. PWM and current-mode control switching techniques are compared in 
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the following pages. Both control methods considered commonly use constant switching 
frequency, which is also assumed in the previous and C derivations. 

1. Pulse-Width-Modulation 

The classical switch control method is pulse-width-modulation (PWM), also 
known as duty-ratio programming. The following discussion describes PWM by 
revealing the working of the switch controller blocks illustrated in Figure II- 1. To that 
end. Figure II-2 shows the three components of the generic PWTsi switch controller; the 
PWM Control Unit, the Comparator, and the Switch Drive Unit. 
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Figure II-2 PWM Switch Controller Details 



a) PWM Control Unit 

The P"WM control unit shown uses multiloop control. That controller 
shown in Figure II-3 realizes the algorithm 

d* = + K J(f„/ - hj, -v^)d, + h, (i, -O, (2-4) 

^ in 
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which is an expression for commanded duty ratio {d*). This algorithm realizes PID 
control on capacitor voltage. The term is an equivalent derivative term. [16] 

This algorithm also includes a droop feature. Droop is discussed later in this chapter and 
is represented in the above algorithm by the (V^^( - hjj term. 




Figure II-3 PWM Control Unit 



b) Comparator and Switch Drive Unit 

The PWM control unit from Figure II-3 generates d*, which is compared 
to a sawtooth wave. Figure II-4 illustrates the two compared signals and the comparator 
output. Notice that d* is constrained to the range zero to one. Theoretically, a duty ratio 
equal to zero means that the switch stays off and a duty ratio equal to one means that the 
switch stays on. The sawtooth must stay in the range zero to one as well. 
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If both signals stay in the proper range, the pulse train output from the 
comparator will have a duty ratio equal to the commanded signal. This pulse train output 
from the Comparator is then fed into the Switch Drive Unit, which converts logical pulses 
into pulses that the particular semiconductor switch can accept. Note that the pulse train 
output from the controller is indicated by the shaded time slices in Figure II-4. Shaded 
areas are the times when the pulse is a logical zero, and non-shaded times are when the 
pulse is a logical one. 




Figure II-4 PWM Switch Control 

PWM is well understood and the state-space model derivation is 
straightforward. With PWM control, two state-space models are applicable to the system, 
one for when the switch is on and one when it is off. These two models may be easily 
collapsed to a single averaged model which removes switching dynamics but otherwise 
accurately describes the system as long as the inductor current remains continuous. [15] 

2. Current-Mode 

Current-mode switch control is now introduced and compared to PWM switch 
control. A block diagram of one possible current-mode implementation of the Switch 
Controller is shown in Figure II-5. The Switch Controller consists of five components: 
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the Current-Mode Control Unit, Slope Compensation, Comparator, Switch Drive Unit, 
and Clock. 
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Figure II-5 Current-Mode Switch Controller Details 



a) Current-Mode Control Unit 

The Current-Mode Control Unit performs the same function as the PWM 
Control Unit. Namely, it generates a reference current signal using and various 
feedback signals. Figure II-6 illustrates a simple Current-Mode Control Unit. This 
controller realizes PI control on the voltage error, - v^. The Current-Mode Control 
Unit output signal is the commanded inductor current. The algorithm realized by the 
controller is 

'■* = *. |K/ -^c)dl + K {V„, - v<, ). (2-5) 
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Figure II-6 Simple Current-Mode Control Unit 



b) Slope Compensation 

Figure II-7 shows the commanded inductor current /* and the actual 
inductor current /'l for one switching period. Both /* and are comparator inputs. At the 
start of the switching period, /'l is increasing because the switch is closed. The switch is 
opened when /'l reaches /*. At this time /l begins to decrease as the free-wheeling diode 
conducts the current. Of course, rises and decays exponentially due to any parasitic 
resistance. Since the time constant of this decay is much longer then , inductor current 
/’l transients are represented as straight lines. 




Figure II-7 Current-Mode Comparator Inputs Without Slope Compensation 
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Notice in Figure II-7 that when a perturbation causes /'l to be abnormally 
high at the start of one switching period, will be low at the start of the next switching 
period. The dashed /‘l plot in Figure II-7 shows such a perturbation. It can be shown that 
for one switching period, the relationship between input perturbation magnitude A/j„ and 
output perturbation magnitude A/, is 



A/,= 



-D 

\-D 



A/,. 



( 2 - 6 ) 



where D is the steady-state duty ratio. Therefore after n switching periods, the 
relationship between A/i„ and output perturbation magnitude A/„ is 



A/ = 



D 






l-D 



A/„ 



(2-7) 



This equation may also be written in terms of the rising slope w, and the falling /l slope 
Wj as follows. 



A/„ 




A/,. 



(2-8) 



From Equation (2-7) it is apparent that for D greater than 0.5, the perturbation magnitude 
will grow over n switching periods. 

To provide stable current-mode operation for any value of D, slope 
compensation is introduced. As illustrated in Figure II-8, slope compensation modifies 
the commanded current i* by lowering it at a constant rate m. This modification to i* is 
reset to zero at the start of each T^. A sequence of several switching periods using slope 
compensation is shown in Figure II-9. The expression relating A/jn and A/„ with slope 
compensation is 



A/. = - 



m^—m 






m^+m j 



A/.. 



(2-9) 



Therefore the rate at which i* is modified directly affects the duty ratio 
below which perturbations are diminished. The ideal case is when the modifying slope m 
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is equal to nij (the rate of /l decay with the switch open). In this case, as shown in Figure 
II-8, perturbations are eliminated after one switching period. [17] 




Figure II-8 Current-Mode Comparator Inputs With Slope Compensation 



c) Comparator and Switch Drive Unit 

Figure II-9 shows both comparator inputs for several switching periods, 
similar to Figure II-4 in the PWM explanation. As in Figure II-4, shaded areas in Figure 
II-9 indicate times when the comparator output is a logical zero, and non-shaded areas 
indicate times when comparator output is a logical one. Again, the switch drive unit 
converts logical zero and one pulses into pulses which will trigger the particular 
semiconductor switch. 
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Figure II-9 Current-Mode Switch Control 



d) Clock 

The clock is necessary in order to turn the switch on at the beginning of 
every switching period. Recall that with PWM, the sawtooth drops below the 
commanded duty ratio signal to trigger switch turn-off. With current-mode switch 
control employing slope compensation, commanded and actual inductor current are equal 
at the end of the switching period. Therefore their comparison cannot be used to trigger 
switch tum-on. Instead, a clock is used to him the switch on every switching period. The 
clock pulses must also be fed into the Slope Compensation circuit in order to reinitialize 
the slope to zero each time the switch is turned on. 

C. CONTROLLER DESIGN FOR LOAD SHARING 

Load sharing among converter modules is implemented by each converter in 
parallel forcing its output current to be close to some commanded value. Such a function 
is necessarily part of each converter’s own switch controller. Load sharing techniques 
differ in that they have different sources for the commanded value of current. There are 
essentially two possibilities for the source of this signal — internal to the converter or from 
some outside source. Load sharing schemes in which converters are fed a signal from 
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some outside source are generally known as centralized control since it is a central 
control unit that will generate such a signal. Load sharing schemes in which the 
commanded current is generated from within each power module are known as 
distributed control. 

1. Centralized Control 

With centralized control, a central unit monitors current sensed from all 
converters’ output. The central xonit then passes a commanded output signal to all 
converters. [18-20] Centralized control works well but has a few drawbacks. One 
drawback is that if an additional converter is placed in the system, the central unit must 
receive the new converter’s sensed signals and must send that converter the commanded 
signal. Therefore centralized control is incompatible with the PEBB concept of having 
multiple converters in a system which have no control interconnections. Another 
drawback is that severing either the sensing lines or the command signal lines will cause 
the system’s load sharing feature to fail while the system as a whole continues to operate. 
Thus system behavior is impredictable in the event of a casualty when centralized control 
is used. 

One version of centralized control is master-slave load sharing. With master- 
slave, one of the converters acts as the master, sending signals to other converters to tell 
them what their output currents should be [19, 21]. 

2. Distributed Control 

Distributed control, on the other hand, is where each controller knows its share of 
current with no external signals applied. The traditional mechanism for distributed 
control is droop. With the droop method, the converter’s output voltage is set based on 
its output current. When several converters are connected in parallel they will all have 
the same output voltage. Thus their currents will be forced to be equal as well. If one 
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unit’s output voltage is increased, it typically assumes a larger portion of the output 
current. Thus, if the reference voltage is decreased as the output current is increased, a 
self-regulating mechanism is put in place. Thus when voltage vs. current are plotted, the 
graph is the familiar “house curve.” [22-23] 

In previous research, droop was shown to function well when two converters are 
paralleled. However, load sharing performance is degraded when three or more 
converters are connected in parallel. Droop performance can be improved by increasing 
the voltage/current slope of the house curve. But if that is done, voltage will vary over a 
potentially unacceptable wide range. 

3. Frequency-Based Load Sharing 

Perreault, Selders, and Kassakian from MIT suggest a new approach to distributed 
control which they call frequency-based control [24]. They suggest that if each controller 
for a series of dc-dc converters receives an estimate of the average output current from 
each of the converter modules in parallel, including its own output current, then it may 
compare that estimate with its own output current and adjust its output to match that from 
the other modules. This method is new because the current estimate is a frequency- 
domain derived signal. 

Perreault proposes three possible frequency-domain mechanisms by which 
converters may communicate their output current [24]. In the first method, called the 
output perturbation method, a small sinusoidal signal is superimposed onto the output of 
each converter. That signal has a frequency corresponding to the converter’s own output 
current. Therefore at the node which connects the parallel modules, the voltage will be a 
dc level plus the sinusoidal components from each of the converters. 

The second method, which they call isolated single-connection, uses a dedicated 
bus to convey current information, and not the power output cable. The third method is 
called switching ripple. In this method, switching frequency is adjusted corresponding to 
the converter’s output current. In PEBB applications with a fixed switching frequency, 

22 



these latter two methods are unacceptable. Thus the output perturbation method is most 
suitable. 

Therefore when the output perturbation method is used, each converter senses its 
own output voltage, and from that, it analyzes the frequency content and extracts an 
estimate of the average frequency, then converts that to a current estimate. The 
perturbation generator is a simple voltage-controlled-oscillator (VCO). 

The only difficulty with this new load sharing approach is in implementing an 
algorithm which produces an estimate of the average frequency. The method Perreault 
proposes is rms estimation [24]. 

Figure 11-10 shows a block diagram of the hardware implementation of a current- 
mode controller employing frequency-based load sharing. The three new blocks in the 
diagram are the Frequency Estimator, the Perturbation Generator, and the Reference 
Voltage Controller. The Output Voltage Controller and Cell Power Stage are similar to 
the Switch Controller and Power Section as shown in Figure II- 1. 




Figure II-IO Current-Mode Controller with Frequency-Based Load Sharing Block 

Diagram from Perreault 



These three new components will be briefly discussed. The Reference Voltage 
Controller consists simply of a series of summing circuits which adjust Kf according to 
the difference between and 
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The Perturbation Generator produces a sinusoid whose frequency is a function of 
the converter’s inductor current or of commanded inductor current. The perturbation 
frequency range was chosen as 2 kHz to 5 kHz. This range was chosen such that 
perturbation frequencies fell well below the switching frequency of 20 kHz, and above 
the control bandwidth of approximately 1 kHz. The 2 kHz minimum perturbation 
frequency corresponds to zero commanded inductor current, and 5 kHz corresponds to the 
case where commanded current equals the converter’s rated output current. Viewing the 
block diagram of Figure II- 10, note that in addition to generating the perturbation 
sinusoid itself, the Perturbation Generator must also generate a signal related to the 
perturbation frequency. The Perturbation Generator is a relatively simple circuit, 
consisting of basically a VCO. 

Each converter senses its own output voltage for comparison with reference 
voltage K.f As discussed previously, voltage oscillations from parallel converters, as 
well as from the local converter, are present at the local converter’s output. When 
connection resistances are small, the magnitude of the perturbations from parallel 
converters is attenuated very little, and the frequency content of v^. is a good 
approximation of the combined output. The Frequency Estimator therefore uses the 
oscillations on the sensed Vc signal to approximate combined output voltage perturbations 
from all converters and generates a signal related to the combined perturbation frequency 
content. Thus, each individual converter module requires no external sensors for load 
sharing. The Frequency Estimator is the heart of the frequency-based load sharing 
scheme as proposed. The next chapter explores this component in greater detail. 

The block diagrams shown in this chapter have been nested. Note that in Figure 
II-l, a generic switch controller is shown in the shaded box. Figure II-5 shows the block 
diagram for that switch controller when current-mode control is used. The Current-Mode 
Control Unit in Figure II-5 is shown as a shaded box, and Figure II-6 shows a block 
diagram of that shaded box. Now, Figure II- 1 1 shows an alternative to Figure II-6, a 
Current-Mode Control Unit which uses frequency-based load sharing. This block 
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diagram in Figure II-l 1 is similar to that of Figure II-6. The following chapter explains 
the contents of the shaded Frequency Estimator block in Figure II-l 1 . 




Figure II-ll Current-Mode Control Unit Employing Frequency-Based Load 

Sharing 
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III. RMS FREQUENCY ESTIMATION CIRCUIT 



A. INTRODUCTION 

To implement frequency-based load sharing, an estimate of the current from all 
converters is required. Perreault suggests rms estimation using a simple circuit [24]. Part 
of the research associated with this thesis involves the construction of an analog rms 
frequency estimation circuit similar to that described in [24]. This circuit replaces the 
shaded blocks in Figure II- 10 and Figure II-l 1 . The estimation circuit input is the 
converter module’s own output voltage. Its output is a signal related to the frequency 
content of that output voltage. The rms estimation circuit realizes the function 



where cOp^nu ®pen 2 > ^pcre perturbation frequencies corresponding to the three 
converters’ output currents; and c,, Cj, and Cj are weighting constants for each frequency. 
These constants are assumed to be unity when the perturbation signals from each 
converter have equal amplitude. 

The proposed rms estimation circuit in [24] hzis four key components. A 
bandpass filter at the input removes frequencies from the estimation circuit input which 
do not contain load sharing information. That is, the switching frequency should be well 
above the passband and the control dynamics well below the passband. The 
Differentiator converts frequency to amplitude information. The RMSDC Circuit 
converts a sinusoidal signal into a dc level corresponding to the amplitude of oscillation. 
The Dividing Circuit normalizes the estimated output 0 )^^^ for the input signal amplitude. 
A block diagram for this circuit as proposed in [24] is shown in Figure III-l. 



0 ) 



rms 




(3-1) 
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Figure III-l Frequency Estimator Block Diagram from Perreault Paper 



A schematic for the rms estimation test circuit is shown in Figure III-2. The 
following discussion explains the design of each sub-component. 




Figure III-2 RMS Frequency Estimation Test Circuit Schematic 



B. TEST CIRCUIT CONSTRUCTION 



1. Summing Circuit 



The Summing Circuit was built in lab to simulate the output from the bandpass 
filter in the actual circuit. The Summing Circuit was constructed as a simple operational 
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amplifier (op-amp) inverting summer, built as shown in Figure III-2. Input signals Vi„, 
and Vj „2 were sinusoids of 0.01 V amplitude. 

One notable characteristic of the Summing Circuit is that the amplitude of the 
output waveform has a maximum amplitude equal to twice that of the input sinusoids. Of 
course, this behavior is expected. One design implication is that the signal could 
potentially be greater than the op-amp’s 15 V supply voltages when several converters are 
in parallel. That would cause clipping of the intermediate signal and inaccuracy of 
the estimation circuit in general. 

In order to illustrate the characteristics of the Summing Circuit just discussed, a 
mathematical description is presented. This development shows that the output 
amplitude is expected to be scaled as a multiple of the number of inputs. Signals applied 
to V|ni and Vj „2 may be represented by Equations (3-2) and (3-3). 

v,„i =V^+A^ sin(u),t -I- ) (3-2) 

=^2+^2 sin(£U2t + ) (3-3) 

With the gain of each channel set to minus one, the Summing Circuit output 
(Figure III-2) is expressed as the sum of Vj„, and V;„ 2 , as shown in Equation (3-4). The 
inverting summer introduces minus signs into the expression. 

^sun, = -v,„, - v ,„2 = -K -^ 2 -^ sin(u>,/ + ^j )-^2 sin(( 2 ) 2 t ^ 2 ) (3*4) 

Since the Summing Circuit output simulates that of a bandpass filter, DC voltages 
F, and V 2 were fixed at zero in the lab. Thus the Summing Circuit output may be 
expressed as 

^sum = -A sinicojt + A)-A2 sin(<U2/ + A). (3-5) 

2. Differentiator 

The function of the Differentiator is key to operation of the entire rms frequency 
estimation circuit. The Differentiator performs a linear conversion fi'om frequency to 
amplitude. An op-amp Differentiator also scales the output based on the selection of 
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and Cj), the resistor and capacitor values illustrated in the Differentiator shown in Figure 
III-2. Thus the differentiator — and the rms estimation circuit as a whole — may be tuned 
so that the output is scaled appropriately for a specific range of input frequencies. 

The equation governing the differentiator is 



The Differentiator input is the sum of sinusoids from Equation (3-5). When is 
differentiated and multiplied by and Cq, the Differentiator output is 



Equation (3-7) therefore shows that the peak differentiator output voltage 
amplitude is the sum of the input sinusoid amplitudes, and A 2 , each scaled by the 
constant coR^C^. For the test circuit, was chosen as 33 kQ and Cj, as 1 .54 nF, thus the 
time constant RqCq = 50.8 ps. In the frequency range 2 kHz to 5 kHz, the angular 
frequency range of co is 12,600 to 31,400 rad/sec. The corresponding range of coR^C^ is 
0.6 (for both inputs at 2 kHz) to 1 .5 (for both inputs at 5 kHz). 

Obviously the choice of R^ and allows flexibility in matching input and output 
signal levels for the Differentiator. 

3. RMSDC Circuit 

An AD536A performed the rms-to-dc function in both instances in the circuit. 
Two identical RMSDC Circuits were built and are designated^ and B in Figure III-2. 
Both A and B circuits were set up according to the standard configuration suggested in the 
AD536A datasheet, which is in Appendix D, Part A. It was found that trimming neither 
the scale factor (pin 1) nor the offset adjust (pin 9) provided the magnitude of coarse 
tuning desired. For that reason, both RMSDC Circuits were constructed using the 
standard setup as defined in the AD536A datasheet. Scaling and offset for overall circuit 
output were performed at the Divider Circuit and not at each RMSDC Circuit. 




sum 



(3-6) 



Vjiff = COS(ty,t + ^ 1 ) + ^2^2-^D^D cosico^t + ^ 2 ) . 



(3-7) 
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Capacitor C^v between pins 4 and 14 acts to damp the output response. If C^v is 
too low — on the order of 0. 1 pF — ^the output oscillates even when input signals have a 
constant frequency. If C^v is to high — on the order of 40 pF — the output takes too long 
to reach equilibrium following a change in input. Thus the 4 pF recommended by the 
datasheet is a conservative value, at least for the frequencies of concern in this setup. 

4. Dividing Circuit 

RMSDC Circuit A, which is driven by the differentiator, has a dc output 
proportional to the amplitude of the input oscillations. RMSDC Circuit B has a dc output 
proportional to the input sinusoid amplitude and is unaffected by changes in input 
frequency. The Dividing Circuit realizes an /I -5- 5 operation, where A and B are outputs 
from RMSDC Circuits A and B respectively. This function normalizes the overall circuit 
output, completely removing output signal dependence upon input signal amplitude. 

Thus, the output of the rms frequency estimation circuit is a function only of the input 
frequencies. 

An AD534 was configured as a divider. The setup as shown in Figure III-2 is 
different than that recommended by the datasheet, which is in Appendix D, Part B. The 
datasheet configuration was not used because it produced a negative output voltage 
through the range of inputs expected with this circuit. The discussion that follows 
provides a detailed explanation of the AD534 setup as implemented in the test circuit. 

The AD534 has three inputs. Each input is defined as a voltage difference 
between two pins. The three inputs are X (Fp;„, - andZ(Fpi„„- 

Fpj„,o). The AD534 is governed by the equation 

JfxT=10VxZ. (3-8) 

When the AD534 output is tied to one of the Y pins, as in Figure III-2 where pins 
7 and 12 are connected, then AD534 output is proportional to Z-^ X One of the Z pins 
(pin 11) and one of the X pins (pin 2) are tied to ground. The output from RMSDC 
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Circuit A drives Z at pin 10, and the output of RMSDC Circuit B drives at pin 1 to such 
that Z^X realizes A^B. Pin 6 is driven by an adjustable voltage. Adjusting Fpj„6 with 
potentiometer provides a zero adjust for the Dividing Circuit and for the rms 
frequency estimation circuit as a whole. [24] 

The AD534 output driven by pin 12 is on the order of 10 V and may be too high 
since the estimation circuit input voltages Vj„, and Vj „2 have amplitude on the order of 10 
mV. To lower the output voltage without any loss of accuracy, a simple voltage divider 
scaling is used, represented by (Figure III-2). Both 7?^ and should be chosen 
sufficiently large enough to limit their power consumption to within acceptable limits. 

C. CIRCUIT TUNING 

The rms estimation circuit was tuned to give zero output with all inputs at the 
nominal minimum frequency and approximately 1 0 mV output with all inputs at the 
nominal maximum frequency. Nominal minimum and maximum frequencies were 
chosen at 2 kHz and 5 kHz respectively. They were chosen to lie between the switching 
frequency of 20 kHz and the control bandwidth of approximately 1 kHz. 

All output tuning is performed at the Dividing Circuit. Resistor adjusts the dc 
zero offset and R^ adjusts the output scaling. The procedure for tuning the circuit is as 
follows: 

1 . Set all input frequencies to nominal minimum. 

2. Adjust i?z to obtain zero volts at Vq,,,. 

3. Set all input frequencies to nominal maximum. 

4. Adjust 7?s to obtain = 10 mV. 

The output value of 10 mV was chosen so the output will have the same order of 
magnitude as the input signals. The rms estimation circuit may be designed to 
accommodate any reasonable input or output levels. 
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D. CIRCUIT PERFORMANCE 



Recall that the rms frequency estimation circuit should realize Equation (3-1). 
After the circuit as described was constructed, tests were performed to investigate how 
closely the test circuit output Vj,„, follows that predicted by the Equation (3-1). Static 
performance was analyzed to verify that the steady-state estimation circuit output was 
indeed a function of the input frequencies and to verify that the output was as predicted 
by Equation (3-1). Dynamic performance is also touched upon briefly. 

1. Static Performance 

To test static performance, two separate sinusoidal inputs were connected to the 
estimation circuit, each with an amplitude of 10 mV. One input was varied from 2 kHz to 
5 kHz in 1 kHz increments while the other input was varied in the same range in 0.5 kHz 
increments. Input sinusoids were generated by two separate PM5134 Function 
Generators. Circuit output was manually recorded at each data point. Output voltage was 
measured using a Tektronix 2212 60 MHz Digital Storage Oscilloscope, using that 
instrument’s digital readout. 

Recall that the rms estimator test circuit was tuned for a of zero when all input 
sinusoids were 2 kHz and for 10 mV when all input sinusoids were 5 kHz. Equation (3- 
1) does not predict frequencies in this range, however. The range of angular frequencies 
predicted by Equation (3-1) is 2 kHz to 5 kHz. Because of this difference, both the test 
circuit data and the theoretical data were normalized. After normalization, both sets of 
data were in the range 0 to 1, which allowed the two sets of data to be compared. 

Figure 111-3 shows the normalized theoretical data, predicted by Equation (3-1), 
and the normalized experimental data plotted together. Differences between the two sets 
of data are easily explained by the fact that input frequencies may not have been exactly 
as desired because the digital function generators were adjusted manually. With this 
source of error considered, the two sets of normalized data have very good correlation. It 
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may be concluded from this static performance analysis that the rms estimation circuit 
proposed by [24] indeed realizes the function of Equation (3-1). 

It should be noted that when the test circuit was fed two inputs of essentially equal 
frequency, the summing circuit produced a slowly oscillating standing wave. This 
standing wave had the effect of causing the estimation test circuit output to oscillate 
slowly. Theoretically, the same effect could occur with two nearly identical frequencies 
input into a bandpass filter. This standing wave should not be observed when the 
estimation circuit is placed in a closed-loop controller because the output from the 
estimation circuit will affect converter output. Thus if controller output becomes subject 
to this standing wave effect, converter output current will be altered, changing that 
converter’s perturbation frequency, and finally making the two perturbation frequencies 
unequal, and abating the standing wave. 
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Figure III-3 Normalized Theoretical vs. Experimental Test Circuit Data 



2. Dynamic Performance 

No quantitative dynamic analyses were performed on the test circuit. However, 
some remarks may be made regarding qualitative observations of the circuit. One key 
observation was that the output does not reach equilibrium instantaneously upon change 
in the input frequency. This is because of the time constant associated with both RMSDC 
Circuits. Recall that capacitor ^AV in the RMSDC Circuits controlled the time constant. 
Too small a value of C^v caused oscillation and too large a value of C^v slowed the 
response unnecessarily. Therefore, ^AV must be chosen to satisfy both of these 
conflicting requirements. 
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E. 



CONSIDERATIONS FOR DESIGN AND SIMULATION 



The following paragraphs summarize what was learned by evaluation of the rms- 
to-dc circuit and construction of the test circuit. 

The output from the bandpass filter has amplitude equal to the amplitude of one 
input sinusoid scaled by the number of parallel converter modules. The bandpass filter 
should be designed such that, given the amplitude of the input frequencies in the range of 
interest, the output should stay well within the power supply limits (+15 V to -15 V for 
example) to avoid clipping. 

The perturbation frequency range and amplitude should be the same for all 
converter modules in parallel. Even converters with different power ratings may be 
paralleled if the perturbation frequencies corresponding to maximum and minimum 
current are the same for all parallel converters. 

Even though the output perturbation method is seen as the most useful 
implementation, the switching ripple method is a good option if variable switching 
frequency is allowed. With the switching ripple method, recall that switching frequency 
is varied according to the converter module output current. An obvious advantage with 
this method is that since the minimum perturbation frequency is much higher, control 
bandwidth may be extended as well. A disadvantage of variable switching frequency is 
that it produces higher switching losses. Soft switching may be required to bring 
switching losses down to an acceptable level, especially in converters rated at greater than 
10 kW. 
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IV. MATHEMATICAL MODEL DEVELOPMENT 



A. APPROACH TO DIGITAL SIMULATION 

Previous chapters explain exactly what constitutes a current-mode converter with 
frequency -based load sharing. The next two chapters document the development of a 
mathematical representation and a digital simulation of a system of three such converter 
modules in parallel. The following list briefly outlines the required steps to prepare a 
digital simulation of the system of converters: 

• Develop a state-space-averaged model for the converter power section. 

• Devise a controller algorithm, with gains being unknown variables. 

• Place that controller algorithm and the equations governing the power section 
behavior into state-space form. 

• From that state-space model, derive the characteristic polynomial for the 
entire system with gain variables as unknowns. 

• Knowing the desired system characteristic polynomial (from selected pole 
locations), solve the system polynomial for controller gains. 

• Using those gain values, evaluate the system performance in the digital 
simulation. 

With that framework established, it is first necessary to show the development of 
the controller algorithm. 

B. SINGLE CONVERTER GAIN DERIVATION EXAMPLE 

The following discussion outlines a simple example using the derivation steps 
listed above. A state-space model for a single current-mode converter is ultimately 
derived. 
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To start the derivation, it is known that two differential equations are required to 
represent the power section of a buck converter: One for the capacitor voltage state 
variable V(- and one for the inductor current state variable /l- The differential equation 
governing Vq is 



C 



dvc 

dt 



ho 



(4-1) 



where /‘l is the averaged inductor current and /ld is the averaged output current. As a first 
approximation, the differential equation for the state variable /l may be neglected when 
current-mode switching is used. Since the inductor current z’l is always very close to the 
commanded current i*, the state variable may be approximated with /*. This 
approximation reduces the order of the resultant state-space model and does not 
significantly affect system response [17]. Derivation of a system of buck converters 
which includes the state variable is explained in Appendix A, Part A. 

The starting point for a commanded current algorithm is to use the simple 
algorithm from Equation (2-5) which uses no load sharing mechanism. That algorithm 
again is 

'• = A. fK - Vc )* + />. K - Vc ). (4-2) 

The integral term implies that the voltage error - Vq) is a state variable. 
Rewriting Equation (4-2) to separate the new state variable, x, yields Equations (4-3) and 
(4-4). 

i* = V + A.(^V->’c) (4-3) 

f = ^',/-Vc (4-4) 

Equations (4-1), (4-3) and (4-4) therefore describe a single current-mode- 
converter. Recall that when the assumption that z’l = i* is made, the expression for 
commanded current. Equation (4-3), is substituted into Equation (4-1). This expanded 
expression is 
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The two first-order differential equations from Equations (4-4) and (4-5) are now 
placed into state-space form, shown in Equation (4-6). 
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The square matrix in Equation (4-6) is typically referred to as the system matrix 
A. Its eigenvalues, denoted by T, are roots of the characteristic polynomial \AI- A\. That 
characteristic polynomial is 
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(4-7) 



The coefficients of this polynomial are functions of the current-mode controller 
gains, and The final step in determining numerical values for these gains is to solve 
the system for a particular desired polynomial. For example, desired system poles -1000 
and -800 give the characteristic polynomial 



1' + 1 800T 800,000 = 0 . (4-8) 

To calculate gains and h„ which provide system response identical to the 
system with the characteristic polynomial given by Equation (4-8), the coefficients of like 
powers of A in Equations (4-7) and (4-8) must be equal. Thus the following two 
expressions apply. 



1800 = 



r 1 h\ 

~Cj 



(4-9) 



800,000 = 



K 

c 



(4-10) 



Capacitance C, as stated earlier, is 400 pF. Load resistance R at frill load is 1 0 Q. 
The gains are found to be = 0.62 and = 320. The Matlab m-file with which these 
gains were computed is shown in Appendix B, Part A. That single-converter model may 
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be used to calculate gains when desired poles are given or to calculate system poles when 
gains are given. 

C. CONTROLLER ALGORITHM DERIVATION 

The preceding example illustrates the basic process by which controller gains are 
calculated. Complexity will now be added to the model discussed previously, and the 
same steps taken to derive controller gains. 

At the outset of this research, it was desired to incorporate frequency-based load 
sharing, as introduced by [24], into a PWM switch control scheme. All converters 
constructed to date in the DC ZEDS use PWM switch control. Adding the frequency- 
based circuitry to the existing controller framework was the first logical step. The 
controller algorithm therefore would be similar to that of Equation (2-4). That 
commanded duty ratio algorithm for a PWM controller, employing droop load sharing, is 
repeated in Equation (4-11) for convenience. 

-h,i.-v^)dt + h,(i.-h) (4-11) 

^ in 

Droop load sharing will be replaced with frequency-based load sharing. When the 
droop-related terms are removed from this algorithm as a step toward adding frequency- 
based load sharing, the equation becomes 

d* = + A. - Vc ) + *. 1(4'./ - Vc ) * + ft, (i, - 1, ) . (4-12) 

Adding frequency-based load sharing requires modifying in proportion to the 
frequency error {co^^ - . Since the perturbation frequency is a linear function of 

commanded inductor current, this frequency error represents current error. Incorporating 
such a term into the algorithm of Equation (4-12) gives 
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(4-13) 




—+K (Ke/ -hj («y„, - ) - Vc ) 



where load sharing gain is yet to be determined. 

A digital simulation was developed for two converters using Equation (4-13). 

That simulation showed that system performance with unequal connection resistances 
was unsatisfactory. Each converter’s output current tended to oscillate about the desired 
value before settling after a transient. It was speculated that this oscillatory behavior was 
caused by the fact that PWM does not control current directly. Because of these 
unsatisfactory simulation results, the research effort was redirected toward an 
investigation of current-mode control. In addition, current-mode control was employed 
in Perreault’s work. 

Perreault [24] does not recommend any particular controller algorithm. A suitable 
control algorithm was needed. It was decided to use as simple an algorithm as possible 
and add complexity as needed to correct problems. The starting point for choosing an 
algorithm is the control law introduced in Equation (2-5). That algorithm is as follows. 



This algorithm implements proportional-integral (PI) control on the voltage error. 
Integral control maintains zero steady-state voltage error. Proportional control provides 
transient stability. Adding frequency-based load sharing to this algorithm is 
accomplished much the same way as for PWM in Equation (4-13). Reference voltage Pi-ef 
is modified in proportion to the frequency error. The resulting algorithm is 



i* = h„ - hf (<y„, - o)p ,„ )- )dt + K K/ - hf )- ). (4-15) 

D. TWO-CONVERTER STATE-SPACE DERIVATION 



With this control algorithm decided upon, the next step is to put the entire two- 
converter system into state-space form. A system of two or more parallel converters must 




(4-14) 
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be represented in a single state-space model because the output voltage of each depends 
on the output current of all converters. 

Equation (4-1) governs the power section behavior, as in the single-converter 
model. The inductor current state variable /'l is neglected, as in the single-converter 
derivation. The only change is that two converters are modeled together, and that the 
switching control algorithm for both is as defined in Equation (4-15). Subscripts are 
added to the terms in the following derivations to distinguish between converter 1 and 2. 

Consider a two-converter system similar to the three-converter system of Figure 
II- 1. Rewriting Equations (4-1) and (4-15) to include subscripts and to include the 
connection resistances network, the following two expressions are derived. 

c, % = (4-16) 

at 

h * = Kx l^refX - (^es, ~ ^per,X )~ ^Cl + Kx {Kc/X ~ {^es, ~ ^ penX )" ^Cl )(4-l 7) 

Equation (4-17) is rewritten as two equations to separate state variable as 
shown in Equations (4-18) and (4-19). 

/, * = h„,x, - hj, )- Vc, ) (4- 1 8) 

^ = VrefX -hfx [o>es, ~ ^ perxX )" ^Cl (4‘ 1 9) 

Again making the assumption that Zj* = Zli? ^li ^ Equation (4-16) is replaced by 
the expression for Z|* of Equation (4-18). Equation (4-16) rewritten after that substitution 
is 



dv, 



Cl 






dt 



C. 



C, 



(4-20) 



'X '-'1 

Expressions for converter 2, similar to those in Equations (4-19) and (4-20) for 
converter 1 , are 



dx2 

~di 



~^re/2 ^/>er2 ) ^C2 



(4-21) 
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(4-22) 



_ Ki^i h. 



dt 



c c 



^ (Ke/2 i^esi ^ peril ) ^C2 ) ^ ' 



Considering only converter 1 in the derivation, note that Equations (4-19) and (4- 
20) cannot be placed into state-space form because neither is expressed entirely in terms 
of state variables. Converter module output current ig^ and the frequency error - 
C0p^n\) ni’^st be expressed in terms of state variables v^, Vc 2 , and Xj. Derivation of these 

quantities is presented in Appendix A, Parts B and C. The resulting expressions are as 
follows. 



^01 = Vci 



^02 =Vci 



■^2 ^LD 






\ ^2 J 



+ V, 



C2 



^ _ P ^ 

«2 J 



^LD 

V *^2 y 



+ V, 



C2 



^1 ^LD 



a 



2 J 



^avg ^ peril) ^ [^Cl ( ^2 ) ■*■ ^C2 (^1 ^ )] 



2a 



{^arg ^ peril) ~ ~ [^Cl (-^2 ■*" ^C2 ( 

Za^ 



(4-23) 

(4-24) 

(4-25) 

(4-26) 



where ccj and p are defined in the aforementioned Appendix subsections. 

Considering still converter 1, Equations (4-20), (4-23), and (4-25) are combined 
into a single expression as follows. 

dv^ 



'^Cl 



dt 



= ^C1 («1 1 )+ ^1 («12 ) + ^C2 («13 )+ ^re/ 1 ) 



where 






2C,a 



C,QT2 



a, 2 = 



C. 






2C,a2 



C,a2 



(4-27) 

(4-28) 

(4-29) 

(4-30) 
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(4-31) 



6,,=^. 

c. 



Equations (4-19) and (4-25) for converter 1 are combined into the single equation 



dx^ 

dt 



= v, 



Cl 



2a. 



+ v. 



C2 



{-hnP, s' 

2a, 



+ F. 



re/1 * 



(4-32) 



This equation it rewritten for clarity as 



~ ^ci (^2 1 ) ■*■ ^C2 ('^23 ) ■*■ 



re/1 



(4-33) 



where 



^21 --1 + 



!^{R,+2R^) 

2a, 



(4-34) 



and 



‘‘2.=-~{«.+2RJ. (4-35) 

2aj 

Equations (4-27) and (4-33) constitute the state-space representation for converter 
1. A similar state-space representation is derived for converter 2 and is given by 
Equations (4-36) and (4-41). The expression for the converter 2 output voltage state 
variable is 



dv. 



C2 



dt 



= Vci fcl )+ Vc2 )+ ^2 (^ 34 )+ Ke/2 (^32 ) 



where 






2C2CC2 



^2^2 
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«34 = 



*n2 



'' c. 



(4-36) 

(4-37) 

(4-38) 

(4-39) 

(4-40) 
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The expression for the converter 2 controller integral state variable is 

dx-, 



dt 



= Vc(a„)+Vc2(a43)+F, 



ref 2 



where 



^41 = 



-hnP 

2a, 



(i?2 + ^^ld)- 



(4-41) 



(4-42) 



and 



^nP ! \ 

^43 “ (^1 



(4-43) 



The entire system of two buck converters with current-mode switch control and 
frequency-based load sharing is written as 
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(4-44) 



where and are defined in Equations (4-28) to (4-31), (4-34) to (4-35), (4-37) to (4- 
40), and (4-42) to (4-43) above. This state-space model was coded in a Matlab file, 
which is shown in Appendix B, Part C. 



E. 



DERIVATION SIMPLIFICATION 



At this point, it is constructive to consider the remainder of the derivation. A 
state-space model is now available, as shown in Equation (4-44). Recall from Part A of 
this chapter that the next step in the derivation is to express the system matrix 
characteristic polynomial in terms of the unknown gains. Several difficulties are 
encountered in taking this next step. 

The first difficulty lies in the fact that more unknown gains exist than polynomial 
degrees. With three unknown gains h„,h^ , and hf from each converter, there are a total 
of six gains in the two-converter system. The gains cannot be found explicitly. The 
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simplifying assumption which makes the most sense is that the integral gains for each 
controller are equal (/j„, = /?„ 2 ), as well as proportional gains (/j^, = With this 
assumption, the number of unknown gains is four, and may be found by solving the 
fourth-order polynomial. 

A more worrisome observation is that finding a closed-form expression for gains, 
given Equation (4-44) as a starting point, is very difficult. Obtaining a polynomial from 
the state-space model, as shown in the step between Equations (4-6) and (4-7), requires 
finding an expression for eigenvalues 2 of the system matrix /I by calculating \XI-A\. 
The 4x4 system shown in Equation (4-44) is rather complex and yields an unwieldy 
result. 

To overcome this difficulty, another simplifying assumption is made. Since the 
connection resistances are small relative to the load resistance, the effect of paralleling 
modules may be approximated simply by paralleling the output capacitors. Thus, 
multiple buck modules may be replaced by a single buck with appropriately increased 
output capacitance. Controller gains are therefore approximated by using the single- 
converter model with no load sharing and changing the value of C according to the 
number of parallel modules. 

The single-converter characteristic polynomial in Equation (4-7) is altered by 
replacing C with (2 x Q, thus representing the additional capacitance added by a second 
converter in parallel. Load resistance R in Equation (4-7) must be changed as well 
because the rated power for two converters in parallel is twice that of a single converter. 
Minimum load resistance for the two-converter case is half that of the single-converter 
case. The table below shows load resistance and filter capacitance appropriate for 
estimating one-, two- or three-converter systems at full load or 10% rated load. 
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Load (%) 


R(Q) 


C(mF) 


bn 


hv 


One Converter: 


100 


10 


400 


0.62 


320 


One Converter: 


10 


100 


400 


0.71 


320 


Two Converters: 


100 


5 


800 


1.24 


640 


Two Converters: 


10 


50 


800 


1.42 


640 


Three Converters: 


100 


3.33 


1200 


1.86 


960 


Three Converters: 


10 


33.3 


1200 


2.13, 


- 960 .. 



Table IV-1 Simplifled Gain Derivations 



Thus gains are approximated. Recall that the single-converter system used for 
calculating this approximation used no load sharing mechanism. No values for load 
sharing gain h( are calculated in this approximation. Load sharing gains will be found by 
trial and error once the simulation is run. 

It is desired to see how well this approximation for the two-converter system gain 
calculation works. To evaluate, appropriate gains are placed into the detailed Matlab 
representation for the two-converter system. Those gains used are /j„ =1 .24 and = 
640. Load sharing gains are set to zero for comparison purposes. Recall from Part B 
of this chapter that the desired system poles are -800 and -1000. The expected poles for 
the two-converter system if this approximation were perfectly accurate, are two at -800 
and two at -1000. The Matlab m-file in Appendix B, Part C is set up to calculate system 
poles when the above values of gains and /j„ are used for both converter module 
controllers. Connection resistances and R 2 are 1 mQ. The resulting poles from this 
test are: -2.5031e+6, -2612.6, -612.42, and -0.63921. 

The poles for the system with approximated gains are all real, just as the desired 
poles for the single-converter system are. Notice however that the lowest pole is -0.6 
compared with -800, and the largest pole is -2e+6 as opposed to -le-3. Therefore the 
simulation for the two-converter system using these approximated gains will not have the 
same transient response as a single converter. It is hoped that these gains are close 
enough to provide a stable simulation with which load sharing properties among two 
converters can be tested. 
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F. POLE SELECTION 

It was asserted in Part B of this chapter that the desired system poles are real poles 
of -800 and -1000 and no explanation was given. These poles were found to give good 
system response when used in the single-converter current-mode system with no load 
sharing mechanism. Gains and were adjusted to minimize voltage overshoot and 
settling time for a load step change transient. The gains which were foimd by trial and 
error provided voltage spikes of less than 5 V when the step load change was 100% to 
20%. The poles associated with these gains are different from those first attempted. 

First, a slightly underdamped two-pole system was used. It was found that simulation 
with those system poles showed too oscillatory a response. Future work should include a 
method of finding desired system poles. 
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V. 



SIMULATION 



A. ADVANCED CONTINUOUS SIMULATION LANGUAGE MODEL 



The previous chapter presented derivations that were the basis for the 
determination of gains. The end goal of that exercise is to obtain gains for use in the 
digital simulation such that the system will have a suitable transient performance. 
Construction of the simulation model itself is relatively straightforward. All that is 
required is to represent the system governing equations in the syntax of the simulation 
language. The simulation tool used for this thesis is the Advanced Continuous 
Simulation Language (ACSL). The simulation was constructed in ACSL for a system of 
three parallel current-mode-switched buck converters using frequency-based load sharing. 

As derived in Chapter IV, the set of equations which fully describe a buck 
converter using current-mode switch control and frequency-based load sharing are the 
following. Subscripts indicate that these equations are for converter module number 1 . 






dt 






Li ~ ^ci 



^LD ^ 

a^ 



+ V, 



C2 



^U> 

\ ^2 J 



(5-1) 

(5-2) 

(5-3) 



if^avg 2a (5*4) 

Constants Oj are defined in Appendix A, Parts B and C. 

An ACSL representation for a system of three converters was constructed and is 
shown in Appendix C. Both the .csl file and the .cmd file are listed. The body of the .csl 
file was obtained from previous research work. That original .csl file was a detailed 
simulation for a single PWM-switched buck converter, which allowed for both 
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continuous and discontinuous conduction modes. Modifications to the switching rules 
were made to this file in order to simulate current-mode switching. The algorithm for the 
commanded current, as shown by Equations (5-1) to (5-4) above, replaced that for 
commanded duty ratio in the original file. Multiple converter modules are realized in the 
simulation by duplicating the governing equations for power section and controller 
section. Numerical subscripts are added to distinguish between the three converters 
represented. The dynamics of the resistance network in the power section required the 
use of the load voltage Vld and load current Zld derivations in terms of state variables for 
three converters, as described in Appendix A, Parts 1 b) and 2 b). 

As stated in Chapter IV, the gains for a multi-converter system are approximated 
by assuming a large aggregate converter and are not calculated explicitly. The 
approximated gains for one-, two-, and three-converter configurations at 100% and 10% 
load are summarized in Table IV- 1. Referencing this table, = 960 and = 1 .96 are 
appropriate for three parallel converters operating over a range of loading conditions. 

Load sharing gains h^, hf^ are chosen experimentally. These gains are chosen 
at 0.01 because the load sharing performance has been proven with these values, and the 
system performance for which PI gains are chosen to optimize was not terribly 
compromised. 

B. LOAD SHARING PERFORMANCE 



1. Connection Resistance Effects 

A robust load-sharing mechanism will allow approximately equal current from all 
parallel converters when connection resistances are unequal. One ACSL simulation was 
run with connection resistances R 2 , and equal to 0.02, 0.04, and 0.05 Q 
respectively. All frequency-based load sharing gains hf^, h^, were set at 0.01. Figure 
V-1 shows the output from that simulation. 
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Figure V-1 ACSL Simulation: Different Connection Resistances, Load Sharing 

Employed 

As is evident in Figure V-1, inductor current stabilizes quickly to a value very 
close to that of the other modules. 

Figure V-2 shows the same simulation as in Figure V-1 except with load sharing 
gains hf^, hf^ set to zero. This simulated system fails to adequately share current and 
illustrates the need for a load sharing mechanism. 
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Figure V-2 ACSL Simulation: Different Connection Resistances, No Load Sharing 



2. Reference Voltages Effects 

A rigorous test of the frequency-based load sharing scheme was considered as the 
case where reference voltages were unequal. Figure V-3 shows simulation output for the 
unequal reference voltages where = 280 V, = 300 V, and = 320 V. In Figure 
V-3 also, load sharing was used and hf 2 , are set to 0.01 . 
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Figure V-3 ACSL Simulation; Three Converters, Unequal Reference Voltages, 

Load Sharing Employed 



That same simulation was run without load sharing, with /zq, /ip set to 0.0. 
Results of that simulation are shown in Figure V-4. The other parameters are unchanged 
from the simulation of Figure V-3. It is apparent that unequal reference voltages cause 
load sharing to fail. Figure V-3 shows that with load sharing, inductor currents are still 
not equal. The system may be designed for better performance by increasing if it is 
suspected that unequal reference voltages of this magnitude are possible. In general, 
however, such large discrepancies between reference voltages is not expected. 
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r .lo-z 

Figure V-4 ACSL Simulation: Three Converters, Unequal Reference Voltages, No 

Load Sharing 



C. TRANSIENT PERFORMANCE 

The preceding discussion showed that the load sharing characteristics of the group 
of parallel converters works well when frequency-based load sharing is employed. 
Transient stability must also be considered. Recall that the controller gains were not 
selected to provide precise system poles but were instead approximated. The system is 
expected to perform marginally when gains are selected in this manner. The two 
simulation results show that this is indeed the case. 
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Figure V-5 shows simulation output for a step load change from 100% to 20%. 
Both the voltage spike of 20 V and the tendency of current to increase before settling at a 
lower steady-state value are undesirable. 




Figure V-5 ACSL Simulation: Three Converters, Step Load Change From 100% to 

20 % 

Figure V-6 shows simulation results for the case of three converters online with 
one abruptly shut down. A converter would be brought on or off line by slowly ramping 
reference voltage up or down. The simulation of Figure V-6 is intended to prove 
performance in worst-case conditions, where one redundant power supply is perhaps lost 
due to battle damage. As with the step load change simulation, transient performance is 
marginal. This situation will hopefully be remedied by more careful gain selection. 
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Figure V-6 ASCL Simulation: Three Converters, One Powered Down Abruptly 
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VI. CONCLUSIONS 



A. SUMMARY OF FINDINGS 

Current-mode switch control is better suited than PWM for converters with load 
sharing because of its direct control of output current. Current-mode control is more 
robust than PWM in that respect. 

The rms frequency estimation algorithm and hardware proposed by [24] performs 
well. The analog model built during research generates an output signal which varies as 
the actual rms of the input frequencies. One simplifying assumption was that filtering 
would remove all frequency content except that related to load sharing. 

Simulations showed excellent load sharing performance with current-mode 
frequency-based control, even when controller gains were roughly approximated. 

B. FUTURE WORK 

Several areas of research related to frequency-based load sharing in the context of 
PEBB design within DC ZEDS were not fully explored. The following paragraphs 
outline some of the areas where this research may be continued. 

One aspect of frequency-based load sharing not examined was the correlation 
between perturbation input signal amplitude and perturbation amplitude at the converter 
output. In order to specify perturbation generator output signal amplitude, filtering of 
output voltage should be simulated. 

The next step in verifying the utility of frequency-based load sharing for DC 
ZEDS usage should be the construction of a hardware-in-the-loop model. Use of a 
dSPACE card on a workstation with Simulink allows a controller model to accept inputs 
from a hardware circuit while the simulation is in progress. Variables from that 
simulation may also drive outputs back to the hardware circuit. Since all components of 
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a system of converters employing frequency-based load sharing, except the rms 
frequency estimator circuit itself, are easily simulated, a hardware-in-the-loop test using a 
frequency estimator circuit in hardware should be much more acciorate than a piorely 
digital model. 

Controller gains were not precisely calculated for the simulations in this thesis, 
but were estimated because of the complexity of calculation. Numerical methods such as 
Newton-Raphson should be considered for precise gain calculation. 

One point of difficulty with the two-pole approximation of the multi-pole 
converter system is that placement of the two poles for slight damping yielded oscillatory 
response in simulation. The desired response was achieved when the two poles were 
placed on the real axis. This behavior is most likely caused by the fact that the two-pole 
system poorly approximates the actual system. 

Transient performance simulations in Chapter V Part C showed that the inductor 
current exhibits a nonminimum phase response — current increases initially before it 
settles at a lower value. If this behavior remains even in simulations for which precise 
gains are calculated, a possible solution is the inclusion of a current error term into the 
expression for i* (Equation (2-5)), similar to the term /jj(/L - Q in Equation (2-4),. This 
current error control would effectively provide PID control on converter output voltage 
and possibly further stabilize current excursions. 
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APPENDIX A: DERIVATIONS 



A. CURRENT-MODE STATE-SPACE DERIVATION 



Chapter IV shows a current-mode converter derivation in which the simplifying 
assumption i* - /l is made to justify neglecting the inductor current state variable. A 
more detailed analysis may require the state variable to be used, especially when slope 
compensation is employed, since compensation widens the gap between i* and /l- The 
following state-space model development includes z'l in the analysis. 

The first task in the derivation is to find a single expression for the duty ratio d in 
terms of the commanded current i* and state variables z'l and v^. As [17] illustrates, 
inductor current at the start of each switching period, is expressed by 

(A-1) 

where m is the slope of the rising inductor current plus slope compensation, d is the duty 
ratio for the switching period in question, and is the switching period. The quantity dT^ 
represents the time the switch is on. Knowing that is equal to i'l at time (0.5dT^), 
may be expressed as 



^Lavg ^imin 



F. -V, 



2 



(A-2) 



or as 



=i*-mdT^ + 






in C 

V L 



dT 



(A-3) 



when Equations (A-1) and (A-2) are combined. 

Slope m is the rising inductor current slope plus slope compensation and may be 
expressed as 



m = — ^ + - ^ 



L L 

Thus the expression for may be rewritten as 



(A-4) 
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i = z * — 

^Lavg ^ 



V,dT 



v,dT, 



2L 2L 

Equation (A-5) is the desired expression relating /*, d, and the state variables \ 
and Vc- However, Equation (A-5) is nonlinear. The expression is easily linearized as 



(A-5) 
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(A-6) 



where is the steady-state capacitor voltage, assumed to be equal to F.ef, and d^ is the 
steady-state duty ratio, assumed to be equal to / Fj„. Of course, since this expression 
is linearized, the final state-space representation will be linearized as well. 

The next task in the derivation is to convert from input Ac/ to input A/* by 
substituting the expression for Ac/ into the linearized state-space model. Equation (A-6) 
is therefore rearranged to solve for Ac/. 



Ac/ = 



21 



The linearized state-space averaged model for a buck converter power section is 



21 



■A/,„.„ -■ 



re/ 



■^Vr 



(A-7) 
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(A-8) 



Equation (A-7) is substituted into Equation (A-8) to replace Ad by Az* as the system 
input. The result is as follows. 



£ 

dt 
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A/*(A-9) 



The final task in the complete current-mode state-space model derivation is to 
place a control algorithm into the model and thus convert the model input from Ai* to 
AF„f. The control algorithm from Equation (2-5) is used, which is expressed by 
Equations (A- 10) and (A-1 1). 
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(A-10) 






/* = V + ^v(^«/-Vc) 
These equations must be linearized. 



— Ax = AF„^-AVc 



(A-11) 



(A- 12) 



A/* = h„hx + hX^ Vref - ) (A- 1 3) 

The final task is completed by adding Equation (A- 12) to the state-space model 
and by substituting Equation (A- 13) into the open-loop model input A/* in Equation (A- 
9). The final result is 
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(A- 16) 
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B. OUTPUT CURRENT CONVERSION 

The derivation in this section outlines how the converter output current 4 is 
expressed in terms of state variables, both for the two- and three-converter cases. The 
two-converter expression is coded into the Matlab state-space representation for two 
converters, and the three-converter expression is used in the ASCL model. 

Recognize from Figure II- 1 that converter module output current /q,, according to 
Ohm’s Law, may be expressed as 



It is useful to derive an expression for load voltage Vld in terms of state variables 
as an intermediate step in deriving an expression for /q,. Since state-space representations 
for both two- and three-converter systems are presented in this thesis, the derivations to 
follow are performed for both cases. The following derivation holds for the power 
section of any buck converter, regardless of the control method. 

1. Load Voltage 

a) Two Converters 

KirchhofFs Current Law (KCL) at the node joining two converters to the load 
gives the following expression. 



Simple Ohm’s Law expressions for each resistor yield Equations (A-23) to (A-25). 



ID ~ Li 



(A-22) 




(A-23) 




(A-24) 
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(A-25) 



^LD ~ 



'LD 



R 



LD 



The following expression is obtained by substituting these three expressions into 
Equation (A-22) and solving for load voltage. 



^LD = ^C1 



^2^LD 



V ^1 ^2 + R^ R^u + i?2 ^LD J 



+ V, 



C2 



R,R 



LD 



y i?i i?2 -^1 ^LD ^2 ^LD J 



(A-26) 



For simplicity, «2 is defined as 

CC2 ~ ^\ ^2 -^1 ^LD -^2 ^LD ■ (■'^' 27 ) 

Notice that the subscript “2” indicates that this is the a for a two-converter system and 
not for module number 2. 

Using this definition of 0 C 2 , the expression for load voltage may be reduced to 



^LD = vci 











+ ^C2 




V ^2 y 




1 «2 J 



(A-28) 



b) Three Converters 

Similar to the two-converter case, KVL at the node joining three 



converters is 



~ ^o\ ■*■^02 ^o 3 ’ 



(A-29) 



and may be expanded to 



^ ^C 1 '^LD I ^C 2 I ^C 3 
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ID -^1 
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R. 



(A-30) 

V 2 JV 3 

By solving for load voltage and isolating capacitor voltage state variables, 
the following expression is derived 



ViP = Vci 



^2 ^3^ ID 
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+ v, 
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where 



0^3 — /?ji?2-^3 + ^\^2^ID ^2^3^LD ^\^3^LD ' 



(A-31) 



(A-32) 
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2 . 



Output Current 



a) Two Converters 

KCL at the node joining two converters gives the equation 



which may be expanded to 



^o\ ~ ^LD ^o2 ’ 



ViD ^C2 - ^LD 



R, 



R. 



(A-33) 



(A-34) 



'■io ■“^2 

When voltage terms are collected, Equation (A-35) is derived. 
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This equation may be rearranged to yield 
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(A-36) 



By substituting Equation (A-28) for load voltage into Equation (A-36), the 
current becomes 
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After collecting state variables. Equation (A-37) reduces to 

/? j 7?2 '^R\Rid ~o.-i 



hi = Vci 









+ v 



«2 y 

which may be ftulher simplified to 



C2 



R-,a 



(A-38) 



2“2 



^ol ~ ^C1 





+ ^C 2 


( -R \ 

^LD 


«2 j 


1 


1 «2 J 



(A-39) 



Equation (A-39) is the final expression for /^i in terms of state variables. 
The expression for derived in a similar manner, is 
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(A-40) 



to2 = V, 



Cl 



^ — p ^ 

^LD 

a. 



+ v, 



C2 



'RiUm' 

“2 j 



b) Three Converters 

The expanded KCL expression at the node joining three converters is 

(A-41) 



= 



^LD ^C2-^LD ^C2-^LD 



R. 



R. 



R. 



'‘LD ■‘'•2 ■‘'•3 

which may be rearranged as the following when state variables are collected. 






*ol ~ ^LD 



1 1 1 

+ — + • 



V ^LD ^2 -^3 





r-n 




r-n 


J 


y 


+ ^C3 


v-^3 y 



(A-42) 



Equation (A-42) is converted to the following expression to establish a common 
denominator. 



'.1 = ^LD 



R2R3 + RioRj + RipR2 

•^iD-^2-^3 





r-i] 




r-n 


+ ^C2 

y 


^■^2 y 


+ ^C3 





(A-43) 



Just as in the two-converter case, the expression for the load voltage, Vld, 
from Equation (A-3 1) is substituted into Equation (A-43). The final expression is 
simplified when the state variable coefficients are rearranged such that Oj is in the 
denominator. The intermediate expressions are quite lengthy but the final result is 



=Vci 



■^ 2-^3 ^LD^2 ^LD^3 

a. 



+ V, 



C2 



“3 , 



+ V, 



C3 



^LD^2 
\ ^2 J 



(A-44) 



Expressions for ^nd are derived in a similar manner and are shovra in Equations (A- 
45) and (A-46). 



^o2 ~ ^ci 






\ 



«3 y 



+ v, 



i?|i?3 + + RijyR^ 



C2 



h2 =Vci 



^ ^LD^2 

y 



a. 



+ v, 



C3 



«3 J 



+ V, 



C2 



^LD^l 



«3 y 



+ v, 



C3 



^ i?|i?2 + +RldR: ^ 

a. 



(A-45) 

(A-46) 
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c. 



FREQUENCY ERROR CONVERSION 



The derivation in this section outlines how estimated frequency is expressed 
in terms of state variables, both for the two- and three-converter cases. The two- 
converter expression is used in the Matlab state-space representation, and the three- 
converter expression is used in the ASCL model. 

1. Two Converters 



The term (ry^s, - is frequency error, where is the estimated frequency 
content of the combined output voltage in a multi-converter system, and is the 
perturbation frequency of the individual converter corresponding to its own output 
current Recall that [24] recommends an rms frequency estimation method, which is 
also evaluated in this thesis. Recall also that the expression for estimated frequency using 
the rms method, as given in Equation (3-1), is as follows. 



= 









■cWper,2+cl0)l,„, 



V? 



+ + c. 



(A-47) 



For the case of two converters, both weighted equally, that expression reduces to 



= 



J 






V2 



(A-48) 



Placing this expression into the state-space representation will introduce 
nonlinearities. It was realized that when all perturbation frequencies are close, the 
average is a very good estimate of the rms value. Even though rms frequency estimation 
was simpler to implement in hardware, estimation by averaging is simpler in state-space 
modeling and in digital simulation. For that reason, the following expression is 
considered. 



^rms — ^avg 



^pen\ '^^pertl 



(A-49) 
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Therefore, with reduced to (co^^.g - the frequency error term may 

be expressed as a linear function of state variables. 

The perturbation frequency may be expressed as 



r 



=®min 

peri min o 



CO —CO 

max min 



(A-50) 



^orated j 

where and are the perturbation frequency range limits, and is converter 
output current associated with its rated power. For simplicity of expression, a constant fi 
is defined and expressed as follows. 






^max ^min 



*'oraied 



(A-51) 



Thus, Equation (A-50) may be written as 

(A-52) 

Combining Equations (A-49) and (A-52), frequency error for converter one of the two- 
converter system may be expressed as 



^ pen\ 



)=^ih2~Kx)- 



(A-53) 



Finally, by substituting the expressions for /q, and Equations (A-39) and 

(A -40) into Equation (A-53), an expression for frequency error in terms of state variables 
is derived as 



Similarly, the frequency error expression for converter two of the two-converter system is 
{^avg “ ®perr2 ) “ [^Cl (-^2 ■*" ^-^iD )■*■ ^C2 (~ ^1 (A-55) 
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2 . 



Three Converters 



The three-converter derivation for frequency error in terms of state variables is 
quite lengthy but follows the same approach as the two-converter derivation. The starting 
point is the following expression for average perturbation frequency, similar to Equation 
(A-49). 



^ pert\ ^ pent ^ pent 



(A-56) 



From Equation (A-56) and the co^ expression in Equations (A-52), the following 
expression for frequency error is obtained. 



(. 



) = y [" + iot + ht ] 



(A-57) 



Substituting the three expressions of Equations (A-44) to (A-46) into Equation 
(A-57), the final frequency error is derived. 



if^avg ) ~ ^C1 2^ ( Rw^t 

+ V(~2 - (^1^3 + ^R-LdR\ ~ RldR-3 ) 

3«3 

7 (^1^2 ^RldR\ ~ RlD^t ) 

3or, 



(A-58) 



Similar frequency error expressions may be derived for converters 2 and 3. Those 
final expressions are given in Equations (A-59) and (A-60). 

(^ovg “ ^pent ) “ ^C1 Z (^2 Rt ^RldRi ~ RldR^ ) 



3a, 



'*‘^C2- ( 2/?j/?3 RipRi RwRt^ 



3a 



(A-59) 



■*"^C3, {RlRt "^^RldRi RldRi} 
3a, 
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(A-60) 



if^mg ^ pen\^~'^C\ ^LD^i) 

+ V^2-;^ i^\^i +2/?^£)/?, —RiD^i) 

■*■^03 Z (“ 2i?j i?2 “ Rld R\ ~ RlD -^2 ) 

JOTj 
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APPENDIX B: MATLAB CODE 



A. CODE WHICH GENERATED PLOT IIL3 



% Jonathan Moore 
% Filename: est.m 

% This routine caluculates the actual rms value of two input 
frequencies 

% and generates plots to compare those values with experimentally- 
determined 
% values 

clear all 
format long g 

fl = 2000: 50: 5000; 
f2 = 2000: 50: 5000; 
wl = 2*pi'^fl; 
w2 = 2*pi*f2; 
cl = 1; 
c2 = 1; 

% Experimental Data 
% fl = 2KHz, f2 vs. Vout 
f2 = [2000 2500 3000 3500 4000 4500 5000]; 
w2 = 2-^pi*f2; 

VI =[ 3 24 46 70 95 119 143]/225; 

V2 = [ 43 60 76 97 120 141 165]/225; 

V3 = [ 88 102 119 134 153 170 191]/225; 

V4 = [135 146 159 172 189 205 225]/225; 



el = (sqrt ( (cl^'2 * 
c2''2) ) ; 


(2*pi*2000) .'' 2 ) 


+ 


(c2^^2 


* w2. ^2) ) 


/ 


sqrt (cl""2 


+ 


e2 = (sqrt ( (cl"2 * 
c2''2) ) ; 


(2*pi*3000) .'' 2 ) 


+ 


(c2"'2 


* w2.^2) ) 


/ 


sqrt (cl"^2 


+ 


e3 = (sqrt ( (cl''2 * 
c2''2) ) ; 


(2*pi*4000) .'• 2 ) 


+ 


(c2"2 


* w2."2) ) 


/ 


sqrt (cl'^2 


+ 


e4 = (sqrt ( (cl''2 * 


(2*pi*5000) .^ 2 ) 


+ 


(c2^^2 


* w2."2) ) 


/ 


sqrt (cl^2 


+ 



c2-2) ); 

esl = (el - min (el ) ) / ( . 6*max (e4 ) ) ; 
es2 = (e2 - min (el ) ) / ( . 6*max (e4 ) ) ; 
es3 = (e3 - min (el ) ) / ( . 6*max (e4 ) ) ; 
es4 = (e4 - min (el ) ) / ( . 6*max (e4 ) ) ; 

eal = (2*pi*2000 + w2) / 2; 

ea2 = (2^pi*3000 + w2) / 2; 

ea3 = (2*pi'*^4000 + w2) / 2; 

ea4 = (2*pi*5000 + w2) / 2; 

easl = (eal - min (eal ) ) / ( . 6^max (ea4 ) ) ; 

eas2 = (ea2 - min (eal ) ) / ( . 6*max (ea4 ) ) ; 

eas3 = (ea3 - min (eal ) ) / ( . 6*max (ea4 ) ) ; 
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eas4 = (ea4 ~ min (eal ) ) / ( . 6*max (ea4 ) ) / 
figure (1); 

plot (w2, esl , w2, es2, w2, es3, w2, es4 , w2, easl , * - ’ , w2, eas2, * ~ * / w2, eas3, ' - 
*,w2,eas4,*- * , w2 , VI , ’ o * , w2 , V2, ’ o * , w2 , V3 , ’ o * , w2, V4 , ’ o * ) , grid 
LEGEND (' Theoretical Data, f = 2000 Theoretical Data, f = 

3000 Theoretical Data, f = 4000 Theoretical Data, f =‘ 

5000 Experimental Data, f = 2000 Experimental Data, f = 

3000 Experimental Data, f = 4000 *,* Experimental Data, f = 5000 ’,0) 
xlabel (’ Angular Frequency (rad/sec) Corresponding to f = 2KHz to 5KH2') 
ylabel (* Frequency Estimator Output, Normalized’) 



B. SINGLE-COWERTER SYSTEM 



% Jonathan Moore 
% Filename: cml.m 

% See section on Single-Converter Gain Derivation in Ch IV, Part B 

% This MATLAB code calculates either of the following for a single buck 
% converter using current mode control and no load sharing mechanism. 

% 1. Characteristic polynomial given gains 

% 2. Gains given characteristic polynomial 

% Range of possible load resistance: 

% MIN = 3.33 ohms (three converters, 100% load) 

% MAX = 100.0 ohms (one converter, 10% load) 

% Range of possible capacitance: 

% MIN = 400 uF (one converter) 

% MAX = 1200 uF (three converters) 

clear all 
format long g 

% Power section: 

R = 33.3; 

C = 1200e-6; 

% Specify the desired roots 
rdes = [-1000 -800] 

% Find desired polynomial: 
pdes = poly (rdes) 

b = pdes (2) %8800; 

c = pdes (3) %6 . 4e6; 
hv = C*b - (1/R) 
hn = c*C 



% Or specify gains: 

%hv = 6.95; 

%hn = 4800; 

A = [ -1/ (R*C)-hv/C hn/C; 
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-1 



0 ] ; 



B = [ hv/C; 1 ]; 

pnomial = poly (A); 
eigs = eig (A) ; 



C. TWO-CONVERTER SYSTEM 



% Jonathan Moore 
% Filename: cm2.m 

% This MATLAB code generates a state-space representation for two 
% current-mode converters using frequency-based load sharing. 

% When gains are known, this model may be used to find eigenvalues 
% (pole locations) and the steady-state values of the state 
% variables . 



% Control defined by the following equations: 

% * dvCl/dt = (irefl - iol) / Cl 

% * irefl = hvl (Vref - vCl + hfl (west - wl)) 



% Assumptions: 

% * iL = iref 

% * wrms = wavg 



clear all 
format short g 
%diary p2cml.out 



% Constants: 
P = 9000; 



Vinl = 


= 400; 


Vin2 = 


= 400; 


Vrefl 


= 300; 


Vref2 


= 300; 


hvl = 


1.24; 


hv2 = 


hvl; 


hnl = 


640; 


hn2 = 


hnl; 


hfl = 


0; 


hf2 = 


hfl; 


LI = 


760e-6; 


L2 = 


760e-6; 


Cl = 


400e-6; 


C2 = 


400e-6; 


R1 = 


0.001; 


R2 = 


0.001; 


RLD = 


= 10; 


wmax = 


= 2*pi*5000; 


wmin = 


= 2*pi*2000; 


iomax 


= P/Vrefl; 



rated power 
input voltage 

rated voltage 

100.62 201.24 

10320 20640 



alpha = (R1*R2 + R1*RLD + R2*RLD) ; 
beta = (wmax - wmin) /iomax; 



301.86 

30960 
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'ie'ie-k'k’k'k-k'ie'k’k'k'k'k’k'k 



% System matrix A 
% row 1 : 

all = (-hvl/Cl) + (-hfl*hvl*beta* (-R2- (2*RLD) ) / (2*Cl*alpha) ) - 
(R2+RLD) / (Cl*alpha) ; 
al2 = hnl/Cl; 

al3 = (-hfl*hnl*beta* (R1+2*RLD) / (2*Cl*alpha) ) + RLD/ (Cl*alpha ) 
al4 = 0; 

% row 2 : 

a21 = -1 + (hfl*beta* (R2+(2*RLD) ) /(2*alpha) ) ; 
a22 = 0; 

a23 = -hfl*beta* (R1+ (2*RLD) ) / (2*alpha) ; 
a24 = 0; 

% row 3: 

a31 = (-hf2*hnl*beta* (R2+2*RLD) / (2*C2*alpha) ) + RLD/ (C2*alpha) 
a32 = 0; 

a33 = (“hv2/C2) + (-hf2*hv2*beta* (-R1- (2*RLD) ) / (2*C2*alpha) ) - 
(Rl+RLD) / (C2*alpha) ; * 
a34 = hn2/C2; 

% row 4 : 

a41 = “hf2*beta* (R2+(2**^RLD) )/(2*alpha) ; 
a42 = 0; 

a43 = -1 + (hf2*beta* (R1+ (2*RLD) ) / (2*alpha) ) ; 
a44 = 0; 

%x = [ vCl xl vC2 x2 ]^T 
A = [ all al2 al3 al4; 
a21 a22 a23 a24; 
a31 a32 a33 a34; 
a41 a42 a43 a44 ] ; 

% Input coefficient matrix B ******-*^******** *** 

% column 1 : 
bll = hvl/Cl; 
b21 = 1; 
b31 = 0; 
b41 = 0; 

% column 2 : 
bl2 = 0; 
b22 = 0; 
b32 = hv2/C2; 
b42 = 1; 

u = [ Vrefl; Vref2 ]; 

B = [ bll bl2; 
b21 b22; 
b31 b32; 
b41 b42 ] ; 

EigsOfA = eig(A) 
x = -A\B*u; 

%diary off 
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APPENDIX C: THREE-CONVERTER ACSL MODEL 



A. .CSL FILE 



Jonathan Moore 
Filename: cm3.cs! 

Three Parallel Converters 

* Current mode switching control 

* Continuous or discontinuous conduction mode 

* Purely resistive load 

* Each converter may have different connection resistance 

* Each converter may have different reference voltage 

* Converter #2 may be powered up or powered down 
Controller algorithm: 

* iLavg ~= iref 

* dvC/dt = (iref - io) / C 

* iref = hn'^x + hv(Vref - vC - hf* (wrms - w) ) + ipert 

* ipert = Apert * cos (2*pi*wmin*t + phase) 

* dx/dt = Vref - vC - hf* (wrms - w) 



PROGRAM 



INITIAL 



! Simulation 
MAXTERVAL 
algorithm 

CINTERVAL 

ALGORITHM 

NSTEPS 

CONSTANT 



Parameters 
maxt = 5e-7 



cint = le-5 
ialg = 5 
nstp = 1 
tstop = 0.05 



max step for var step integration 

100 time steps per switching period 
data communication interval 
4 -> RK 2nd, 5 -> RK 4th 

stop point for integration 



! Power Section 
CONSTANT P = 
CONSTANT fsl 
CONSTANT fs2 
CONSTANT fs3 
Tsl = 1/fsl 
Ts2 = l/fs2 
Ts3 = l/fs3 



Parameters 

9000. 

= 20000 . 

= 20000 . 

= 20000 . 



CONSTANT 


LI 


= 


760e-6 


CONSTANT 


L2 


= 


760e-6 


CONSTANT 


L3 


= 


760e-6 


CONSTANT 


Cl 


= 


400e-6 


CONSTANT 


C2 


= 


400e-6 


CONSTANT 


C3 


= 


400e-6 


CONSTANT 


R1 


= 


0.02 


CONSTANT 


R2 


= 


0.02 


CONSTANT 


R3 


= 


0.02 



1 Converter Power 9 KW 
1 Switching Frequency 20 KHz 

! Switching Period 
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CONSTANT 


RLD = 


3.33 


CONSTANT 


Vdi = 


0.0 


CONSTANT 


Vsw = 


0.0 


LOGICAL 


SWlon 




LOGICAL 


SW2on 




LOGICAL 


SW3on 




SWlon = 


.true . 




SW2on = 


. true . 




SW3on = 


. true . 





! Diode Voltage Drop 
! Switch Voltage Drop 



Controller Parameters 



CONSTANT 


Vrefl 


CONSTANT 


Vref2 ^ 


CONSTANT 


Vref3 ^ 


CONSTANT 


Vinl = 


CONSTANT 


Vin2 = 


CONSTANT 


Vin3 = 


CONSTANT 


hvl = 


CONSTANT 


hv2 = 


CONSTANT 


hv3 = 


CONSTANT 


hnl = 


CONSTANT 


hn2 = 


CONSTANT 


hn3 = 


CONSTANT 


hfl = 


CONSTANT 


hf2 = 


CONSTANT 


hf3 = 


CONSTANT 


tau = 


CONSTANT 


wrmsic 


CONSTANT 


pi = 3 


CONSTANT 


Apert 1 


CONSTANT 


Apert2 


CONSTANT 


Apert3 


CONSTANT 


phasel 


CONSTANT 


phase2 


CONSTANT 


phase3 


wmin = 2 


*pi*2000 


wmax = 2 


*pi*5000 


iomax = 


P/Vrefl 



= 300. 

= 300. 

= 300. 

400. 

400. 

400. 

1.96 

1.96 

1.96 

960. 

960. 

960. 

0.01 
0.01 
0.01 
0.0001 
= 31396.0 
.14159 
= 0.1 
= 0.1 
= 0.1 
= 0.0 
= 0.0 
= 0.0 



! Rated Converter Output Voltage 



! 100.52 201.24 301.96 

! 10320 20640 30960 



State Variable Initial Conditions 



CONSTANT 


iLlic 


= 27. 


5 


CONSTANT 


iL2ic 


= 27. 


5 


CONSTANT 


iL3ic 


= 27. 


5 


CONSTANT 


vClic 


= 300 


, 


CONSTANT 


vC2ic 


= 300 


, 


CONSTANT 


vC3ic 


= 300 


. 


CONSTANT 


xlic = 


0.04 


9 


CONSTANT 


x2ic = 


0.04 


9 


CONSTANT 


x3ic = 


0.04 


9 



Continuous Conduction Mode 

LOGICAL ccml 

LOGICAL ccm2 

LOGICAL ccm3 

ccml = .true. 

ccm2 = .true. 

ccm3 = .true. 
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END ! initial 



DYNAMIC 

TERMT (t .GE. ( tstop-0 . 5*cint ) ) 

DERIVATIVE 

!Vinl = Vinla + 10 . 0*sin (5000 . 0*t ) 

! Control Algorithm 

pxl = Vrefl - vCl + hfl* (wrms - wl) 
px2 = Vref2 - vC2 + hf2* (wrms - w2) 
px3 = Vref3 - vC3 + hf3^ (wrms - w3) 
xl = INTEG(pxl, xlic) 
x2 = INTEG(px2, x2ic) 
x3 = INTEG(px3, x3ic) 

ilpert = Apertl * cos ( 2*pi*wmin*t + phasel) 
i2pert = Apert2 * cos (2*pi*wmin*t + phase2) 
i3pert = Apert3 * cos ( 2*pi*wmin*t + phase3) 
ilref = hnl*xl + hvl*(pxl) + ilpert 
i2ref = hn2*x2 + hv2*(px2) + i2pert 
i3ref = hn3*x3 + hv3* (px3) + i3pert 

! Reference Current Ramp with Slope Compensation -- switch drop 

ignored 

ilramp = ( vCl/Ll ) *mod ( t , Tsl ) 
i2ramp = (vC2/L2) *mod (t , Ts2) 
i3ramp = { vC3/L3) *mod ( t , Ts3) 
ilcomp = iLl + ilramp 
i2comp = iL2 + i2ramp 
i3comp = iL3 + i3ramp 

! Frequency Injection 

beta = (wmax - wmin) /iomax 
wl = wmin + iol*beta 
w2 = wmin + io2*beta 
w3 = wmin + io3*beta 

wi = SQRT(wl**2 + w2**2 + w3*^2 ) /SQRT (3 . ) 
wrms = REALPL ( tau, wi, wrmsic) 

! Determine if Switch 1 is ON or OFF 

PROCEDURAL (SWl on, iswl = ilcomp, ilref , iLl ) 

IF (ilref . GT . ilcomp) THEN 
SWlon = .true, 
iswl = iLl 
ELSE 

SWlon = .false, 
iswl =0.0 
ENDIF 

END ! procedural 

! Determine if Switch 2 is ON or OFF 

PROCEDURAL (SW2on, isw2 = i2comp, i2ref , iL2 ) 

IF (i2ref .GT. i2comp) THEN 
SW2on = .true. 
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isw2 = iL2 
ELSE 

SW2on = . false . 
isw2 = 0.0 
ENDIF 

END ! procedural 

Determine if Switch 3 is ON or OFF 

PROCEDURAL (SW3on, isw3 = i3comp, i3ref , iL3) 

IF (i3ref . GT . i3comp) THEN 
SW3on = .true. 
isw3 = iL3 
ELSE 

SW3on = .false. 
isw3 = 0.0 
ENDIF 

END [procedural 

Derivative of Inductor 1 Current: v = L di/dt 

PROCEDURAL (pi LI = SWlon, ccml , Vinl , vCl , Vdi, Vsw, LI ) 

IF (SWlon) THEN 
ccml = .true. 
piLl = (Vinl-Vsw-vCl) /LI 
ELSE 

IF (ccml) THEN 

piLl = (-Vdi-vCl) /LI 
ELSE 

piLl = 0.0 ! "discontinuous conduction mode" 

ENDIF 
ENDIF 

END [procedural 

Derivative of Inductor 2 Current: v = L di/dt 

PROCEDURAL (piL2 = SW2on, ccm2, Vin2, vC2, Vdi, Vsw, L2) 

IF (SW2on) THEN 
ccm2 = .true. 
piL2 = (Vin2-Vsw-vC2) /L2 
ELSE 

IF (ccm2) THEN 

piL2 = (-Vdi-vC2) /L2 
ELSE 

piL2 = O'.O ! discontinuous conduction mode 
ENDIF 
ENDIF 

END [procedural 

Derivative of Inductor 3 Current: v = L di/dt 

PROCEDURAL (piL3 = SW3on, ccm3, Vin3, vC3, Vdi, Vsw, L3) 

IF (SW3on) THEN 
ccm3 = .true. 
piL3 = (Vin3“Vsw-vC3) /L3 
ELSE 

IF (ccm3) THEN 

piL3 = (*-Vdi-vC3) /L3 
ELSE 

piL3 =0.0 [ discontinuous conduction mode 

ENDIF 
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ENDIF 

END ! procedural 

Derivative of Capacitor Voltage: i = C dv/dt 

pvCl = (iLl - iol)/Cl 
pvC2 = (iL2 - io2)/C2 
pvC3 = (iL3 - io3)/C3 

State Variables 
iLlub = INTEG(piLl, iLlic) 
iL2ub = INTEG(piL2, iL2ic) 
iL3ub = INTEG(piL3, iL3ic) 
iLl = BOUND(0.0, 1.0e6, iLlub) 
iL2 = BOUND(0.0, 1.0e6, iL2ub) 
iL3 = BOUND(0.0, 1.0e6, iL3ub) 
vCl = INTEG(pvCl, vClic) 
vC2 = INTEG(pvC2, vC2ic) 
vC3 = INTEG(pvC3, vC3ic) 

Discontinuous Conduction Mode when iL tries to go neg 
SCHEDULE dcml .XN. iLl 
SCHEDULE dcm2 .XN. iL2 
SCHEDULE dcm3 .XN. iL3 



Power Section Dynamics 

alpha = R1*R2*R3 + R1*R2*RLD + R2*R3*RLD + R1*R3*RLD 



vLD = vCl* (R2*R3*RLD/alpha) + 
+ vC3* (Rl*R2*RLD/alpha) 

101 = vLD*(l./RLD + 1./R2 + 1. 

102 = vLD*(l./RLD + 1 . /R1 + 1. 

103 = vLD*(l./RLD + l./Rl + 1. 

iLD = iol + io2 + io3 



vC2* (Rl*R3*RLD/alpha) & 



/R3) 

/R3) 

/R2) 



VC2/R2 

vCl/Rl 

vCl/Rl 



VC3/R3 

VC3/R3 

VC2/R2 



! Converter Output Power 

51 = vCl * iol 

52 = vC2 * io2 

53 = vC3 * io3 
SLD = vLD * iLD 

END ! derivative 

DISCRETE dcml ! discontinuous conduction mode 
ccml = .false. 
iLubl = 0.0 
END ! discrete 

DISCRETE dcm2 ! discontinuous conduction mode 
ccm2 = .false. 
iLub2 = 0.0 
END [discrete 

DISCRETE dcm3 ! discontinuous conduction mode 
ccm3 = .false. 
iLub3 =0.0 
END [discrete 



END I dynamic 
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END I program 



B. .CMD FILE 



! Jonathan Moore 
! Filename: cm3.cmd 



! Command file for ACSL simulation of three parallel current-mode buck 
! converters using frequency-based load sharing. 



s strplt = .t. 
s calplt = .f. 
s pit = 1 
s devplt = 1 

s ppoplt = .f. 
s xinspl = 6 
s weditg = .f. 
occurs 

s nrwitg = .f. 
s alcplt = .f. 



one variable per x-axis 



! 5 -> ps 

! 1 -> graphic desplay 

! true rotates plot 90 deg 

! x-axis plot units 

! false suppresses data write each time SCHEDULE 

! true enables accumulation of data after a CONTIN 
! false for b&w plots 



prepare 

t, iLl, iL2, iL3, vCl, vC2, vC3, xl , x2 , x3, iol , io2 , io3, vLD, iLD, wl, w2, w3, wi, wrms 
prepare Vinl, Vin2, Vin3, iswl, isw2 ,isw3,ilref,i2ref,iref3, ilcomp, i2comp 
prepare SI, S2 , S3 , SLD, ilpert , i2pert, i3pert , Vref 1, Vref2, Vref 3 



I ★*★★★*★*****■*■★■*••*■■*•■*■★■*■★■*■■*■■*•*★★■*■■*• j^otE *****■*■'*■•*■*■*■■*■*'*■•*■•*■*•*•*■•*■•*■■*■•*■'*■* + ■*■*•*■•*■ 
! each of these procedures performs best when it is the first 
! after starting acsl 



! First study: steady state conditions, unequal connection resistances 

proced one 

s tstop = 0.01 
s R1 = 0.02 
s R2 = 0.04 
s R3 = 0.05 
start 
s pit = 1 
s devplt = 5 

plot /lo=0 /hi=40 ill, il2, il3, vld /hi=400 

s tstop = 0.1 

s hfl = 0.0 

s hf2 = 0.0 

s hf3 = 0.0 

start 

s pit = 2 

plot /lo=0 /hi=40 ill, /hi=60 il2,il3,vld /hi=400 
end 



! Second study: steady state conditions, unequal reference voltages 

proced two 
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s tstop = 0.02 
s Vrefl = 280. 
s Vref2 = 300. 
s Vref3 = 320. 
start 
s pit = 3 
s devplt = 5 
plot ill, 112, 113, vld 
s hfl = 0 
s hf2 = 0 
s hf3 = 0 
start 
s pit = 4 

plot ill, 112, 113, vld 
end 

! Third study: step change in load from 100% to 20% rated load with 

three 

! converters online, 
proced down 

s tstop = 0.005 

s RLD =3.33 ! 100% load for 3 converters 

start 

s devplt = 5 
s nrwitg = .true, 
s tstop = 0.02 

s RLD =16.67 ! 20% load for 3 converters 

contin 

s nrwitg = .false, 
s pit = 10 

plot /lo=0 /hi=60 ill, il2, il3, ild /hi=120 
! pause 
s pit = 11 

plot vcl, vc2, vc3, vld 
end 

! step from 100% to 20% load 
proced up 

s tstop = 0.005 

s RLD =16.67 ! 20% load for 3 converters 

s iLlic = 3.8 
s il2ic = 3.8 
s il3ic = 3.8 
s vClic = 300. 
s vc2ic = 300. 
s vc3ic = 300. 
s xlic = 0.0239 
s x2ic = 0.0239 
s x3ic = 0.0239 
s wrmsic = 16349. 
start 

s nrwitg = .true, 
s tstop = 0.01 

s RLD =3.33 ! 100% load for 3 converters 

contin 



81 



s nrwitg = .false, 
end 

I *★★★★★*★★****★*★**★★*★★*★**★*■*■★•*•*■*■★★■*■★■*■★**★★*•*■*★*★•*■****★*★*★•*•*★★**■*••*•★★★ 

proced on 
s RLD = 10. 
s Vinl =0. 
s iLlic = 0. 
s lL2ic = 13.49 
s iL3ic = 13.49 
s vClic = 275.4 
s vC2ic = 275.4 
s vC3ic = 275.4 
s xlic = 9.06 
s x2ic = 0.028 
s x3ic = 0.028 
s wrmsic = 18782.5 
s tstop = 0.005 
start 

s Vinl = 400. 
s tstop = 0.01 
s nrwitg = .true, 
contin 

s nrwitg = .false. 

! s pit = 12 
! s devplt = 5 

plot ill, il2, il3, ild 
pause 

! s pit = 13 

plot vcl, vc2, vc3, vld 
end 

I •k-k'k-k-k-k-k-k'k-k-k'k-k'k-k-k'k-k'k-k-k'k-k-k-k'k-k-k-k-k-k-k'k-k-k-k-k-k-k-k-k-k-k'k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k'k-k-k-k-k-k-k-k'k-k-k-k 

! Fourth study: three converters online, one is powered down abruptly 

proced off 
s RLD = 10. 
s iLlic = 19.5 
s iL2ic = 19.5 
s iL3ic = 19.5 
s vClic = 300. 
s vC2ic = 300. 
s vC3ic = 300. 
s xlic = 0.03 
s x2ic = 0.03 
s x3ic = 0.03 
s wrmsic = 25116.8 
s tstop = 0.005 
start 

s Vinl = 0. 
s tstop = 0.02 
s nrwitg = .true, 
contin 

s nrwitg = . false . 
s pit = 12 
s devplt = 5 
plot ill,il2,il3, ild 
! pause 
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s pit = 13 

plot vcl, vc2, vc3, vld 
end 



83 



APPENDIX D: DATASHEETS 



AD536A TRUE RMS-TO-DC CONVERTER 



□ ANALOG 
DEVICES 



Integrated Circuit, 
True RMS-to-DC Converter 



AD536A 



PIN CONFIGURATIONS AND 
FUNCTIONAL BLOCK DIAGRAMS 



TO-U6 (D-I4) and 
Q-14 Package 



-E- 









TO-lOO (H-lOA) 
Package 




FEATURES 

Trua RMS-to-DC Convaraion 
Laser-Trimmed to High Accuracy 
0^% max Error IAD538AK) 

0.5% max Error (A0536AJ) 

Wide Response Capability; 

Computes RMS of AC and DC Signals 
450 kHz Bandwidth: V rms > 100 mV 
2 MHz Bandwidth: V rms > 1 V 
Signal Crest Factor of 7 for 1% Error 
dB Output with 60 dB Range 
Low Power: 1.2 mA Quiescent Current 
Single or Dual Supply Operation 
Monolithic integrated Circuit 
-55“C to -»-125*C Operation {AD536AS) 

PRODUCT DESCRIPTION 

The AD536A is a compicfc monolithic integrated circuit which 
pertbnns true rms-to-dc convcrMt)n. It offers performance which 
is compamble or superior to that of hybrid or modular units 
costing much more 'fhe AD536A directly compures the true 
rms value of any complex input waveform containing ac and dc 
components. It has a crest factor compcn.^auon scheme which 
allows measurements witii 1 % error at crest factors up to 7. The 
wide bandwidth of the device extends the measurement capabi- 
lity to 300 kHz widi 3 dB error for signal levels above 1 00 mV. 

An unportam feature of the .AD536A not prcv'iously available in 
rms converters is an aaxiliaty dB outpuL The logarithm of the 
rms output signal is brought out to a separate pin to allow the 
dB conversion, with a useful djmamic range of 60 dB. Using an 
extenvaily supplied rdcrcnce current, the 0 dB level can be con- 
veniently set by the user to correspond to any input level from 
0. 1 to 2 volts rms- 

Thc AD536.A is laser trimmed at the wafer level for input and 
output oflici, positive and negative waveform symmetry (dc re- 
versal error), and full-scale accuracy at 7 V rxm. As a result, no 
external trims arc required to achics'c the rated accuracy of the 
unit. 

There is full protection for both inputs and outputs. The input 
circuitry can take overload voltages well beyond the supply lev- 
els. Loss of supply voltage with inputs conneaed will not cause 
unit failure. 'Ihe output is short-circuit protcaed. 

The AD536A is available in two accuracy grades 0> K) for com- 
mercial temperature range (0*C to +70*C) applications, and 
one grade (S) rate*.! for the -55"C to -H 25*C extended range. 
The AD536AK offers a maximum total cror ofi2 mV ±0.2% 
of reading, and the AD536AJ and ADi36AS have maximum er- 
rors of ±5 mV ±0.5% of reading. All three versions arc available 

REV. A 

Information furnishad by Analog Devices is believad to be accurata and 
reliable. However, no responsibility is assumed by Analog Devices for its 
use, nor for any infringomcnls of patents or olher righia of third parties 
which may result from Id use. No license la granted by impficaiion or 
otherwise under any paienl or patent rights of Analog Devices. 




in other a hermetically scaled 14-pin DIP or 10-pin TO-lOO 

mcral can. The AD536AS is also available in a 20-pm hermeti- 
cally se&led ceramic Icadlcss chip earner 

PRODUCT HIGHUGHTS 

1 The AD536A computes the true root-mean-square level of a 
complex ac (or ac plus dc) input signal and gives an equiva- 
lent dc output level The true rms value of a waveform is a 
more useful quantity than the average rectified value smcc it 
relates directly to the power of the signal. The rms value of a 
statistical signal also relates to its stvuidard deviation. 

2. The crest laaor of a waveform is the ratio of the peak signal 
swing to the rms s'alue. The crest factor compensation 
scheme of the AD536.A allows mca.Hurcment of highly com- 
plex signals wnth wide dynamic range. 

3. The only external component required to pcrtomi measure- 
ments to the fully specified accuracy' is the capacitor which 
sets the averaging period. The value of this capacitor deter- 
mines the low frequency ac accuracy, ripple level and settling 
nmc- 

4. The .AD536A will operate equally well from split supiplies or 
a single supply w’ith total supply levels from 5 to 36 volts 
The one milliampcrc quiescent supply current makes the de- 
vice well-suited for a w'ide vanety of remote controllers and 
battay powered mstruments. 

5. The AD536A dirceth* replaces the AD536 and provides im- 
proved bandwidth and temperature drift speciScaiions. 

On* Technology Way, P.O. Box 9106. Norwood. MA 02062-9106. U.S.A 

Tel. 617/329-4700 F*x: 617/326-8703 
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AD536A — SPEC I FI CATIONS® +25®C, and ±15 Vdc unless otherwise noted) 



Model 


■Min 


ADjjtsAJ 

Typ 


Max 


.ADSSdAK 
.Min Typ 


.Mss 


.M'ut 


ADiieAS 

Typ 


.Max 


Units 


TK.VCSPER FUNCTION 




! ' ■ 




/ 






1 . , 






CON\TJ«K>N .‘iCCURACY 


‘ottr 








‘ oiT 






Total Error, Inumal 'l nm' JKtJ^irr 






1? ro.5 




1210J! 






1510.5 


mV 1 ti of Reading 


•.li-Teatpcxarurt Tmw to ♦70*C 






ID.) 10.01 




10 0510.0C5 






lo.i ± 0.005 


mVl % of Read icF,*C 


■r70*C to -r'.?5*C 
















±0.3 ±0.00? 


mV ±34 of Kesdinjc*C 


vs Supply Voha|T 




tC.l 12.C1 




1C. I 10.01 






io:io.ct 




niVl finfReadicjcY 


dc Reverse! Error 




10.2 




IC.l 






10.2 




1 5v pf Reidnx 


Total Error, EriettslTrim' (Tifture 2) 




iitaj 




S210.1 






13 10.3 




oiV t At of Reading 


EKJlOK VS. CREST FACTOR*' 




















Crest. PaetwT 1 to 2 




Spedfted Accuracy 


.Specified Accunev 




Spccifwd Accutsey 






Crest Factor = 1 




0.1 




0.1 






-0.: 




S of Readrrtg 


Crest Paenw = T 




-1.0 




-t.il 






-1.0 




■Ai vfReadiru; 


ITSEQUENCY KE.SPON.SE* 




















Bandwidth for I *V <\d<litk<r.a. Error (O.W d3) 




















= 1 0 mV 




5 




5 






5 




klb 


v,,= 100 aiV 




45 




45 






55 




fcHi 


J V 




12-J 




ijr 






»20 




kill 


dS Bmdwidt.h 




















V,M= JO mV 








OO 






00 




ki-b 


V.^ = JOC mV 




450 




45C 






450 




kHj 


V^=) V 




3 3 




2.3 






2.3 




MHu 


AVERAGCSC TMF COlCST.'iNT (Figure 5) 


2S 


25 


2S 


mv)iF r.AV 


INTn;T CHAR/\CTERIS'nCS 




















Mgpui] Rartfr. tl*. V .Scppliei 




















CouUUDOut nru level 




C xc f 




0tu7 






0 t>'T 




V rms 


Peak T fanVieot Inpot 






120 




120 






120 


V peak 


ComoRiawa rena Lavel, V Supplies 




<ivo7 




oto; 






(■ to 2 




V nw- 


PeaVTranscnl loput.lS V Supplies 






Si 




17 






17 


Vpcak 


.Maxi.mim Cnntbvj.yua Nondestmclive 




















inpet Level fAU Supply Vcltaje^) 






125 




125 






125 


V peak 


Input Rcaistaisce 


13.7:' 


I0.h7 


20 


13 3t Sn.OT 


20 


!3D3 


Jb.67 


20 


kG 


Input Offset Vcaact 




0 y 


♦2 


0.5 


11 




0.S 


12 


.iiV 


OUTrLT C-HARAC'1-EKtSTlC.S 




















Offset VoJtapr. « COM J) 




tl 


22 


10.5 


ti 






♦2 


mV 


vs. TeeirpeTstUTT 




20.1 




to.: 








XOvl 


atV.*C 


Suppfc* Voisee 




*0.1 




to.i 






10.2 




irV,V 


Vnlu^ Swma. 1 IS V Suppliea 


0 TO a-il 


412.5 




0 to +11 *12.5 




U to +11 


♦ 12.5 




V 


15 V . Supply 


«J M> *2 






0 to +2 




0 tu *2 






V 


dR oerrUT (Figure 13) 




















E-n'/r. Vp,7 mV to 7 V nn». 0 d» = 1 V rm* 




10.4 


tC.d 


10.2 


lO.J 




10.5 


10.6 


dS 


Scale Fiutor 




3 




-7 






-1 




mVVdH 


Scik Factor TC tUmrimperwaitd. ice Fig- 




















ure 1 fotTernpeiaturc Coiepesasrton 




-0.033 




0.333 






0.0,53 




dS'C 






•aOJS 




♦0.35 






♦0.3' 




% of ReadiBX*C 


l*,forOdB = l Vnm. 


5 


10 


M 


5 20 


to 


5 


a> 


80 


1L'\ 


l»tr R»ge 






ICC 


i 


IOC 






too 


».A 


lorrrTIiRMLS.AL 




















Ictrr Scale Fsetiir 




40 




40 






40 




ll\A mat 


lotre Scale FaciurTolcranae 




no 


120 


lie 


120 




110 


120 


H 


Output Rcsctance 


2P 


25 


30 


20 25 


50 


20 


25 


30 


kG 


Vnlraj^ Ccmpl-acce 




-V,to(+V, 




V, to (+V, 






-V.»(+V, 










-2.4 V) 




-2.5 V) 






-2.5 V) 




V 


BUFFER AAJPUrihX 




















htpui and Output Volianc Kai>.ec 


V, to (4V» 




-V, to >V, 




-v» tO(4V, 




V 




-1.5 V) 






-2.5 V) 




-2.5 V) 








Input Offset Vohage, K. rr 25 k 




tC.5 


14 


10 5 


♦4 




lt>.5 


14 


mV 


Input BiaaCurrtstt 




20 


40 


20 


6« 




20 


60 


n.A 


Input ReeMtBCC 








ir* 






10' 




G 


Oulpin Cureat 


(■♦5 m.\ 






(♦5 oiA. 




(♦5 mA. 










-ISO|vV) 




-.50 uA) 




-I3CUA) 






SSion Cvcuit CurriT.1 




2) 




2C 






20 




>'vA 


Output Resvimc* 






0.5 




0.5 






0.5 


a 


Small Siftrvat Bandwidth 




1 




1 






1 




MHa 


Slew Rate*' 




5 




5 






5 




V.> 


FOVERSUPFLY 




















VohsffC Rated PeTfciTrrance 




115 




ZlS 






±:s 




V 


Dual Sxipply 


tl.O 




11* 


15,0 


118 


13.0 




±1* 


V 


Smgte Supply 


+5 




•*3t> 


♦5 


♦3* 


♦5 




♦ 36 


V 


Qnicsccut Curreut 




















Trtal 5 V to 3^ V, T*ot T^tx 




1.2 


2 


1.2 


2 




1.2 


2 


mA 


TEMFER.UURE RANGE 




















Rated PeTf.<rmaae« 


0 




♦ 70 


0 


♦70 


-55 




♦ 125 


•c 


Srotaxe 


-5J 




♦ 150 


-55 


♦ 150 


-55 




♦ 153 


‘C 


NUMBER OF TRANSISTORS 


(35 


45 


45 




PACX.AGE omOKS 




















Cctaaic DIP {D-1 <) 




.\D536.\JD 




.\D53(iAKD 






AD530ASH 






MrulCaivTO-130 




AD5534AJ}! 




.\D554AKH 






.\n5'AA.SH 






LCC (B-20/\) 














AK34ASE 







NOTES 

'Accuraqr m tpccsTicd fcr 0 V to 7 V nn>. ^ or 1 kH: tic< wave cpui unh the AI>S36A cuonede^ a> i& the licutt refcrcACtd 
vs. or*t fMtoT 9 ipecifiod asu sddlaoful envrfor 1 V ms t«ctsn|^Ur pulse pulse width £ 300ui. 

’Input voksses are otp««*e<] ■) wohs nas. and ervur b percent of rrsdat^ 

2h exutnal puD-dewn rtsiaior. 

SpcciftcaaMva auh)«ci to ehanpe wxbowc notice 

Speeificaiiosa efaciwn b boldliaoe are leated on aQ production ttnit* at final «Wev^ test. Keiuka fiosi those tens arc wsed to calcuUir ou«notB)( ^ualh^ All min and maa apeeifWatioat ate ^piaraitieed. 
alikouj^onlj' those ^own n boMfacc arc tented oa anprodixiton snick 
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Applying the AD536A 



ABSOLUTE >L\XJMUTVI RATINGS* 

Siipply Voltage 

Dual Supply ± 1 S V 

Single Supply -(-^6 V 

Internal Power Dissipatjon^ 500 mW 

Maximum Input Voltage ±25 V Peak 

Buffer t'Aaximum Input Voltage ±Vs 

Maximum Input Voltage ±25 V Peak 

Storage Temperature Range -55®C to +150®C 

Operating 'remperamre Range 

AD536AJ K 0®C to +70*C 

AD536AS 55“C io+I25*C 

Lead Temperature Range 

(Soldenng 60 see; +500“C 

ESD Rating 1000 V 



NOTTiS 

‘SrreMcs sho\r those lis red yndcr “Ansolute Miiiimuni RAtico’ nyiy cause 
peirtunent c*mj^rc ua the ucvncc. This is s su^ss rseng oaiy and funcuonal 
opcrfltion of the dts-icc alihcse orar.yothcroonditirjcs above 'iia*c indicated in the 
operstionet senion ot this spcdGcatioo :s not implied. Exposure lo absolute 
maximum miaa conditions tor cxtaidcd per.ods may ^Cea device irliaMity. 
*I0-Fin Header Gja = liO^CTV 
20- Fin LCC: 0 ,a = 95®C-^' 

!4«Pm Size Krazed Ccratruc DIP: Oja = 95'’C/'W 

CHIP DIMENSIONS AND PAD LAYOUT 

Dimensions shown in Lithcs tmd Ctnm). 







ORDERING GUIDE 





Temperatur* 

Range 


Package 

Description 


Package 

OpdoQ 


AD536.AJD 


0*C to +70*C 


Side Brazed Ceramic DIP 


D14 


AD536AKD 


O^C to +70-C 


Side Brazed Centsc DIP 


D-H 


AD536AIH 


0*C to +70"C 


Header 


H-IGA 


AD536AKH 


0"C to +70®C 


Header 


H-IOA 


AD536AJQ 


0"Clo+70«C 


Cerdtp 


Q-14 


AD536AK.Q 


C*C to +73*C 


Cerdip 


Q-14 


AD536ASD 


-55*C to +125*C 


Side Brazed Ceramic DIP 


D-14 


AD536ASD/8S3B 


-55*Cto ♦IZS-C 


Side Brazed Ceramic DIP 


D-14 


AD536ASE 


-55"Cto+l25*C 


LCC 


L20A 


AD536ASE/M3B 


-55*Cto+125*C 


LCC 


E-20A 


ADW6ASH 


-55*Cto+125*C 


Header 


HlOA 


AD536ASH/8«3B 


-55*C to+125*C 


Header 


H-lOA 



Non- 

••*S" 9 »de chips «rc iwinble tesi*d +25*0 xid ■♦■125‘C *7^ (y»ric ship* are abn syailahle. 



REV. A 



STANDARD CONNECTION 

l"he AD536A is simple to connect tor the Tnajonry of high accu- 
racy' nns measuremenrs, requiring only an external capacitor to 
set the averaging time constann 'Hie standard cormccuon is 
shown in Pigurc 1. In this confIgu^adon^ the AD536A will mea- 
sure the rms of the ac and dc level present at the input, but will 
show an error for low frequency inputs as a funenon of the filter 
capacitor, Cavi as shown in Figure 5. Thus, if a 4 pi' capaator 
is usedj the additional average error at 1 0 Hz w'iil be 0 . 1 %, at 
3 Hz It will be 1%. 'Phe accuracy at higher frequencies will be 
according to specification. Jfit is desired lo reject die dc input, a 
capacitor is added in scries with the input., as showm in Figure 3, 
the capacitor must be nonpolar. If the AD536A is dnven with 
power supplies with a considerable amount of high frequency 
npple, It is advisable to bypass both supplies to ground with 
0.1 gl' ceramic discs as near the device as possible 




3- 
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AD536A 



’Hic input and output signal ranges are a function of the supply 
voltages; these ranges are shown in Figure 1 4. The AD536A can 
also be used in an unbuQ'ered voltage output nuxie by discon- 
necting the input to the buffer. The output then appears unbuf- 
fered across the 25k resistor. The buffer amplifier can then be 
used for other purposes. Further the AD536A can be used in a 
current output mode by disconnecting the 25k resistor &om 
ground. The output current is available at Fin 8 (l^in 1 (1 on die 
package) with a nominal scale of 40 flA per volt rms input 
positive out. 

OPTIONAL EXTERNAL TWMS FOR HIGH ACCURACY 
If it is desired to improve the accuracy of !iie AD 536 A, the ex- 
ternal trims shown in Figure 2 can be added. R4 is used to trim 
the offset. Note that the offset mm arcuit adds 365 D in series 
with the internal 25 kfi resistor. 'IFis will cause a 1 .5% increase 
in scale faaor, which is rrimined out by using R1 as shown. 
Range of scale factor adjustment is ±1.5% 

The trimming procedure is as foflows: 

1. Ground the input signal., and adjust R4 to give zero 
volts output from Pin 6. Alternarivdy, R4 can be adjusted to 
give the correct output with the lowest expected value of Vi\. 

2. Connect the desired full scale input level to Viv, eiilier dc or 
a calibrated ac signal (1 kHz is the optimum frequency); 
then trim Rl, to give the correct output from Pin 6, i.c., 

1000 V dc input should give l.OOO V dc output. Of course, a 
± 1 .000 V pcak-to-peak sine wave should give a 0.707 V dc 
output. The remaining errors as given in the specifications 
are due to the nonlinearity. 

The major advantage of external trimming is to optimize device 
performance for a reduced signal range; the AD536A is inter- 
nally trimmed for a 7 V rms full-scale range 




Figure 2. Optional External Gain and Output Offset Trims 
SINGLE SLIPPLY CONNECTION 

The applications in Figures I and 2 require the use of approxi- 
mately synimctrical dual supplies. The AD536A can also be 
used with only a single positive supply down to +5 volts, as 
shown in Figure 3. The major limiraiion of this connection is 
that only ac signals can be measured since the differential input 
stage must be biased off ground for proper operation. This bias- 
ing is done at Pin 10; thus it is crincal that no extraneous signals 
be coupled into this point Biasing can be accomplished by us- 



ing a resistive divider between -**V 5 and ground. The values of 
The resistors can be increased m the inieresi of lowered power 
consumpnon, since only 5 mA of current flows into Pin 1 0 
(Pin 2 on the “H” package). AC input coupling requires only 
capacitor C2 as shown, a dc return is not necessary as it is 
provided internally. C2 is selected for the proper low frequency 
break point with the input resistance of 16.7 kfl; for a cutofi ai 
10 Hz, C2 should be 1 jlF. The signal ranges in this connection 
are slightly more rescriacd than in the dual supply connection. 
The input and output signal ranges are shown in Figure 14. The 
load resistor, Rl, is necessary to provide output sink current. 







Figure 3. Single Supply Connection 

CHOOSING THE AVERAGING TIME CONSTANT 
The AD536A will compute the rms of both ac and dc signals. If 
the input is a slowly-varymg dc signal, the output of the 
AD536A will track the input exactly. At higher frequencies, the 
average output of the AD536A will approach the nn.s value of 
the input signal The actual output of the AD536.A w-ill differ 
from the ideal output by a dc (or average) error and some 
amount of npplc, as demonstrated in Figure 4. 



IDEAL 

Co 



/ DC tnnop * to - to HDEAl) 

Kvw^j — 



^AVERAGE Eo»Eo 
DOODLE -FReOUEMCV 



TIME 

Figure 4. Typical Output Waveform for Sinusoidal Input 
'Ihe dc error is dependent on the input signal frequency and the 
value of Cav Figure 5 can be used to determine the minimum 
value of Cav which will yield a given percent dc error above a 
given frequency using the standard rms connection. 

The ac cximponent of the output signal is the ripple. There arc 
two ways to reduce the ripple. The first method involves using a 
large value of Cav- Since the ripple is invcndy proportional to 
Cav> a tenfold increase in this capacitance will affect a tenfold 
reduction in ripple When measuring waveforms with high crest 



REV. A 



88 



AD536A 



factors, (such as low dmy cycle pulse trains)., the averaging time 
constant should be at least ten times the signal penod. For ex- 
ample, a 1 00 Hz pulse rate requires a 100 ms time constant, 
which corresponds to a 4 pF capacitor (time constant = 25 ms 
per pF). 

The primary disadvantage in using a large Cav to remove ripple 
is that the seniing umc for a step change in input le%’cl is in- 
creased proportionately. Figure 5 shows that the relationship 
bewcen C^v and 1% settling amc is 1 1 5 milliseconds for each 
microfarad of Cav- The settling time is twice as great for de- 
creasing signals as for increasing signals (the values in Figure 5 
arc for decreasing signals). Settling time also increases for low 
signal levels, as shown in Figure 6. 




ic 
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n 
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7>ie two-pole post-filter uses an active filter stage to provide 
even greater ripple reducooc without substanoallv increasing 
the settling limes over a circuit with a one-pole filter. The values 
of Cav, C2, and C3 can then be reduced to allow extremely fast 
settling times for a constant amount of ripple. Caution should 
be exerased in choosing the value of Cav, since the dc error is 
dependent upon this value and is independent of the post filter. 

For a more detailed explanation of these Topics refer to the 
RAIS re DC Conversion Application Guide 2nd Edition^ available 
from Analog Devices. 




Figure 7. 2-Pole ‘'Post" Filter 



Figure 5. Error/Settling Time Graph for Use with the Stan- 
dard rms Connection in Figure 1 
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Figure 6. Settling Time vs. Input Level 

A better method for reducing output ripple is the use of a 
“post-filter.” Figure 7 shows a suggested circuit. If a single-pole 
filter IS used (C3 removed, Rx shorted), and C2 Ls approximately 
twice the value of Cav> the ripple is reduced as shown in Figure 
8 and settling time is increased. For example., with Cav = 1 mF 
and C2 = 2.2 jiF, the ripple for a 60 Hz input is reduced from 
10% of reading to approximately 0.3% of reading. 'ITie settling 
time, however, is increased by approximately a faaor of 3. The 
values of Cav and C2, can, therefore, be reduced to permit faster 
settling times while providing substantial npplc reduction. 





Figure S. Performance Features of Various Filter Types 



AD536A PRINCIPLE OF OPERATION 
'Fhe AD536A embodies an implicit solution of the rms cquanon 
that overcomes the dynamic range as w'ell as other limitations 
inherent in a straightforward computation of rms. The actual 
computation performed by the AD536A follows the equation: 

Ff M 

V rms = Avg. — — 

V rms 
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Figure 9 is a siniplified schematic of the AD536A.; it is subdi- 
vided into four major sections; absolute value circuit (active rec- 
tifier), squarcr/dividcr, current mirror, and buffer amplifier. The 
input voltage, Vlv, which can be ac or dc, is convened To a uni- 
polar current Ii, by the active rectifier A,, A;. I? dnves one input 
of the squaren'dividcr, which has the transfer function: 

TTic ouqjut current. of the squarer/divider drives the current 
mirror throu^ a low-pass filter formed by Rl and the externally 
connected capacitor, Cav- If the Rl, Cay bme constant is much 
greater than the longest period of the input signal, then Lt is 
elTectively averaged. The current mirror returns a current Ij, 
which equals Avg. [I^J, back to the squarcL'divider to complete 
the implicit rms compuraoon. Thus: 

777X5 



CVm^C'fT mi^o^ 




The current mirror also produces the output current, Iolt. 
which equals 2I4. lour be used directly or converted to a 
voltage R2 and butVered by A4 to provide a low impedance 
voltage output. 'Ihc transfer function of the AI?536A thus 
results; 

i 

'Jlie dB output is derived from the emitter of Q3, since the volt- 
age at this point is proporaonal to -log V:^. Emitter follower, 
Q5, buffers and level shifts this voltage, so that the dR output 
voltage IS zero when the externally supplied emincr current 
(1 r£f) to Q5 approximates 1^. 

COP^ECTIONS FOR dB OPERATION 
A powerful feature added to the AD536A is the logarithmic or 
decibel output. The internal circuit computing dB w’orks accu- 
rately over a 60 dB range. The connections for dB measurc- 
mcnis are shovm in Figure 10. The user selects the 0 dB level by 
adjusting Rl , for the proper 0 dB reference current (which is set 
to exactly cancel the log output current from the squarcr-divider 
at the desired 0 dB point). 'Fhe external op amp is used to pro- 
vide a more convenient scale and to allow compensation of the 
+0.33%i-'*C scale factor drift of the dB output pin. The special 
T.C. resistor, R2, is available from Tel Labs in l,ondondcny, 
N.H. (model (^81) or from Preasion Resistor Inc., Hillside, 

N.J. (model PTH6). The averaged temperature coefficients of 
resistors R2 and R3 develop the +3300 ppm needed to reverse 
compensate the dB output. The linear rms output is available at 
Pin 8 on DIP or Pm 10 on header device with an output imped- 
ance of 25 kOi thus some applications may require an addidonal 
buffer amplifier if this output is desired. 

dB Calibration: 

1 . Set Vfs- = 1 .00 V dc or 1 .00 V rms 
2 Adjust Rl for dB out = 0.00 V 
3. Set Viy = +0.1 V dc or 0.10 V rms 
4 Adjust R5 for dK out = -2.00 

Any other desired 0 dB reference level can be used by setnng 
\’js and adjusting Rl, accordingly. Note that adjusting R5 for 
the proper gain automatically gives the correct temperature 
compen.sQtion. 




Figure 10. dB Connection 
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FREQUENCY RESPONSE 

The AD53CA utilbes a logarithmic circuit m performing the im- 
plicit rms computation. As with any log circuit, bandwidth is 
proportional to signal level. The solid lines in the graph below 
represent the frequency response of the .AD536A at input levels 
from 10 millivolts to 7 volts rms. The dashed lines indicate the 
upper frequency' limits for I %, 1 0%, and 3 dB of reading addi- 
tional error. For example, note that a 1 volt rms signal will pro- 
duce less than 1% of reading additional error up to 120 kHz. A 
1 0 millivolt signal can be measured with 1 % of reading addi- 
tional error (100 M-V) up to only 5 kHz. 
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Figure 1 1 High Frequency Response 

AC MEASUREMENT ACCURACY AND CREST FACTOR 
Crest factor is often overlooked in determining the accuracy of 
an ac measuremenL Crest factor is defined as the ratio of the 
peak signal amplitude to the rms value of the signal (CF = \y 
V rms). Most common waveforms, such as sine and triangle 
waves, have relativdv low crest faaors (<2). Waveforms which 
resemble low duw cy'clc pulse rrains, such a.s those occurring in 
switching power supplies and SCR circuits, have high crest fac- 
tors For example, a rcaangular pulse train with a 1 % duty 

cycle has a crest factor of 1 0 (CF = 1 ^ ). 

Figure 1 2 is a cur/c of reading error for the AD536A for a 1 volt 
rms input signal with crest factors from 1 to 1 1 . A rectangular 
pulse train (pulse width 100 |is) was used forthu? test since it is 
the worst-ease w-aveform for rms measurement (all the energy is 
contained m the peaks). The duty cycle and peak amplitude 
were varied to produce crest faaors from 1 to 1 1 while main- 
taining a constant 1 volt rms input amplitude. 
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Figure 12. Error vs. Crest Factor 
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Figure 13. AD536A Error vs. Puise Width Rectangular 
Pulse 
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Figure 14. AD536A Input and Output Voltage Ranges 
vs. Supply 
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OUTLINE DLMENSIONS 

Dimensions shown to inches anc 



D-14 Package 
TO-116 




0.035 *0.010 
[0.89 10.251 



0.125 I3 K 



0.047 ±0.007 -H 
(1.1» 10.18J 




PIN n tDCMTIFIER 



0.700 lO.OTO _ 



0 J90 10.010 
(7.37 i0.2S| 

I 



nnnnnni°^‘ i2.«, i ° 

YYYYYTis.- M- 

•- --ik 1^0.1(2.84) 



0.31 10.01 
(7 87 10.26) 



. 0.01 10.002 

(0.25 10.06) 



L O' 
H-(7.82) 
8EF 



H-lOA Package 
TO-lOO 




E-20A Package 
LCC 
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AD534 INTERNALLY TRIMMED PRECISION IC MULTIPLIER 



□ ANALOG 
DEVICES 



Internally Trimmed 
Precision IC Multiplier 



AD534 



FEATURES 

Pr«trimmed to ±0.25% max i-Quadrant Error (AD53dL] 
All inputs (X, Y and Z] Diffarentiat, High Impadance for 
[(X, - Xj) fYt - Yzl/IO VI + Transfer Function 
Scaie-Factor Adjustable to Provide up to XI 00 Gain 
Low Noise Design; 90 pV rms, 10 Hz-10 kHz 
Low Cost, Monolithic Construction 
Excellent Long Term Stability 

APPLICATIONS 

High Quality Analog Signal Processing 
Differential Ratio and Percentage Computations 
Algebraic and Trigonometric Function Synthesis 
Wideband, High-Crest rms-to-dc Conversion 
Accurate Voltage Controlled Oscillators and RIters 
Available in Chip Form 



PIN CONFIGURATIONS 



TO-lOO (H-lOA) 
Package 



rO-116 (D-14) 
Package 





PRODUCT DESCRIPTION 

The AD534 is a monolithic laser trimmed four-quadrant multi- 
plier divider having accuracy specifications previously found 
only in expensive hybrid or modular products. A maximum 
multiplication error of ±0.25% is guaranteed for the AD534L 
without any external mmming. Excellent supply rejection, low 
temperature coefficients and long term stability of the on-chip 
tiiin film resistors and buried Zener reference preserve accuracy 
even under adverse conditions of use. It is the first multiplier to 
offer fully differential, high impedance operation on all inputs, 
including the Z-input, a feature which greatly increases its flcx- 
ibilit>- and case of use. The scale factor is pretrimmed to the 
stan^rd value of 1 0.00 by means of an external resistor, this 

enm be reduced to values as low as 3 V'. 

The wide spectrum of applications and the availability of several 
grades commend this multiplier as ihc fint choice for all new 
designs. The AD534J (±1% max error), AD534K (±0.5% max) 
and AD534L (±0.25% max) arc specified for operation over the 
0“C to +70*C temperature range. The AD531S (±1% max) and 
AD534T (±0.5% max) arc specified over the extended tempera- 
ture range, -55*C to +125*C. All grades are available in her- 
metically sealed TO-lOO metal cans and TO-1 16 ceramic DIP 
packages. AD534J, K, S and T chips are also available. 

PROVIDES GAIN WITH LOW NOISE 
'fhe AD534 is the first general purpose multiplier capable of 
providing gains up to XlOO, frequently eliminating the need for 
separate instrumentation amplifiers to precondition the inputs. 
'The AD534 can be very effectively employed as a variable gain 
differential input amplifier with high common-mode rejection. 
The gain option is avaflablc in all modes, and will be found to 
simplify the implementation of many function-fitting algorithms 
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such as those used to generate sine and tangent. 'The utility of 
this feature is enhanced by the inherent low noise of the AD534. 
90 flV, rms (depending on the gain), a factor of 10 lower than 
previous monolithic multipliers Drift and feedthrough arc also 
substantially red uced over earlier designs. 

UNPRECEDENTED FLEXIBILITY 

'Die precise calibration and differential Z-input provide a dt^rec 
of flexibility found in no other currently available multiplier. 
Standard MDSSR functions (multiplication, division, squaring, 
square-rooting) are easily implemented while the restnetion to 
particular inpuffoutput polarities imposed by earlier designs has 
been eliminated. Signals may be summed into the output, with 
or without gain and with either a positive or negative sense. 
Many new modes based on implicit-function synthesis have 
been made possible, usually requiring only external passive com- 
ponents. TTie output can be in the form of a current, if desired, 
facilitating such operations as integration. 



informenion furnished by Analog Devices is believed to be accurate and 
reliable. However, no responaibility is assumed by Analog Devices for its 
use, nor for any infringements of patents or other rights of third parties 
which may result from its ueo. No license rs granted by implication or 
otherwise under any patent or patent rights of Analog Deices. 
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AD534-SPECIFICATI0NS»,. = + 25^0. ±Vs = 15V.R^2ka) 



.Model 


.ADS34J 


ADS34K 


ADS34L 






.Min Typ .Max 


Min Typ Mnx 


Mia Typ .Max j 


Units 


MLLTIPUER PEKFURMANCE 


{x-y,xy-y.) ^ , 


rx, A%xyi-y,)^., 


fA*. -A*-)fy - V.' 




Transfer Fuocdoa 


10 P ^ 


1 0 •/ 


10 V * • 




Tnial Enut^ (-iO V j; X, Y S ^ 10 V) 


±1.0 


±0.5 


. ±0.15 


% 


Ta = min to mux 


±1.5 


±1.0 


±0.5 


% 


Tctcl Error vs. Temperaturs 


±0.022 


±0.015 


±0.008 


%/*c 


Scale Facior Error 










CSF = 10.000 V Nominal)* 


±0.25 


±C.l 


±0.1 


% 


Tempcratturc-CoelTiCTca: of 










Scaling Vokage 


±0.02 


±0.01 


±0.005 


VC 


Supp'.v Rejection f±15 V ± I V). 


±C.C1 


±0.01 


±0.01 


% 


Nonliacarity, X (X = 20 V p-p, Y = 10 \0 


±0.4 


±0.2 ±0.3 


±0.10 ±0.12 


% 


Nonlinearity, Y ^‘ = 20 V p-p, X = 10 V) 


±0.2 


±0.1 ±0.1 


±0.005 ±0.1 


% 


Fecetbrough*. X fY Nulled, 








1 


X = 20 V p-p 50 H?.) 


±C-.3 


±0.15 ±0.3 


±0.05 ±0.12 


; % 


Feedthrough , Y (X Nulled, 










y = 2I> V p-p 50 Hz) 


±0.C1 


±0.01 ±0.1 


±0.003 ±0.1 


% 


Output onset Valugc 


±5 ±30 


±2 ±15 


±2 ±10 


mV 


Outyut Ofiset Vcltage Drft 


2*Y 


100 


100 


gV.'-»C 


DYNAMICS 










Small SigDid (Votrr - 0-1 ««) 




1 


1 


MHz 


; % Amplitude Error CClo.so - 1000 pF) 


50 


?c 


50 


kHz 


Slew' Rate CVot.T aO p-p) 


20 


20 


20 


V/UJ 


Settling Time (to 1 %, dVorr - 20 V) 


2 


2 


2 


pi 


NOISE 










Noise Spcctxal-Dcnsity SP = -O V 


O.H 


O.S 


0.8 


gv-Niir 


SF = 3V* 


0.4 


0.4 


ii 4 


ItV-MLt 


Wideband Nouie f = 10 Hz to 5 MHz 


i 


1 


1 


mV-rms 


f - 10 Hz ic IC kHz 


90 


90 


90 


jiV'rtns 


OUTPUT 










Output Voimgc Swing 


±11 


±U 


±11 


V 


Ouqsut Impcdcncc (fs 1 kHz) 


0.1 


0.1 


0.; 


a 


Ouqjut Short Circuit Current 










i^Ri. = 0, Ta = nrua to max) 


3C 


30 


30 


mA 


Amplifier Open Loop Gain -)f - SO Hz) 


7G 


70 


70 


dB 


INPUT AMPUFTERS (X, Y and 










Signal Voltage Range (Dili, or CM 


±10 


±10 


±10 


V 


Opercting Dilt) 


±12 


±12 


±12 


V 


onset Voltage X, Y 


±5 ±20 


±2 ±10 


±2 ±10 


.mV 


onset Voltage Drift X. Y 


100 


50 


50 


uV.*C 


Ofiset Voltage Z 


±5 ±30 


±2 ±15 


±2 ±10 


mV 


Offset Voltage Drift Z. 


200 


100 


100 


gV.'«C 


CMRK 


«0 flC 


70 90 


70 90 


dB 


Bias Current 


0.$ 2.0 


o.e 2.0 


o.a 2.0 


pA 


Offset Current 


0.1 


0.1 


0.C5 0.2 


IlA 


Differmtial Resistance 


10 


10 


10 


MI2 


DIVIDER PERFOR.MANCE 




] P “ ■^1 ' |. y 






Transfer Function (Xi > Xj) 




CY,-A*,) ’ 


(Jfl-Jf-) ' 




Toffil Error’ (X = 10 V, -10 V s Z S +10 V) 


±0.75 


±0.35 


±0.2 


% 


(X= 1 V, -1 VsZX +1 V) 


±zo 


±1.0 


±0.8 


% 


(O.lVfiXilOV, lOVSZSlOV). 


±2.5 


±1.0 


±0.8 


% 


SQUARE PHRFOR.MANCE 


C-Y, -X,)* 


fX, , 






Transfer Function 


10 */ 


10 V 


10 r 




Torsi! Error (-10 V S X S 10 V) 


±0.0 


±0.3 


±0.2 


% 


SQUARE-ROOTER PERFORMANCE 










Traoafer Function (Z] i ZC 


VlO*/(Z,-Z,;-X2 


^10 







Toial Error* Q Z ^ }0 V) 
POVER SUPPLY SPECinCATlONS 
Supply Voltage 

RflicJ Perfotmunce 



OpcTsung 

Supply Current 
Quiescent 

PACKAGE OPTIONS 
TO-lOO (H-lOA) 
TO-116 (D-H) 
Chips 



±H 



±1.0 



±:5 



AD534JH 
AD534JD 
AD53^«J ChipA 



±0.5 



AD534KH 
An53410> 
AD534K Qupt 



±0.25 



% 



±15 V 



4 



±18 

6 

AD534LH 

AD534LD 



V 

mA 



NOTE? 

'Figures piveo «re percent of fulUcjle, ±I0V (L«., 0.015V = 1 mV). 

he reduced ^vro to 3 V using esncmsl resistor be?»eea <-Y$ sod SF. 
^Irreduabk component due to oonlicetrfTy; excludes efTect of oOsen. 
*Usiag cxtemsl rcawtor sdjti«ed to give SF = 3 V. 

*See FiinctiAr.s1 Block Oisgrem for dcitnition of sections. 

SpccificsQozB subject to change without notice. 



Spedfksuoot shown in boldface are tested on all preduedoo unius ac final elccvical 
lest. Results from chose tesa are used »> calculate oacgomg qualiQ* levels. All min and 
max spectficauons are guatacued, aildtough onl) diosc shown sc boldtace are tested 
on all production uniu. 
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Model 


AD534S 




AD554T 








Min Typ 


Max 


.Min Typ 


.Max 


Units 


.ML'LTIPUER PERFORMANCE 


-V-) 


Z, 








Tcanster Function 


lo:- 


10 7 




Totiil Error* (-10 V ^ X. Y S ->*10 \0 




il.G 




±0.5 




I'a = ctia to ntax 




=2.0 


±1.0 






Total Error vs. Temperature 
Scale Factor Error 




=0.02 




±0.01 


?4.'“C 

% 


(SF = 10.000 V Komioal)* 
Tcmpcmturc-Coefncieru of 


±0.25 




±0.] 






Scaling Vcilage 


±0.02 






=0.005 


v^r*Q 


Supply Rejection f± 1 5 V ± ! V) 


±0.01 




±0.0 : 


=0.3 


% 


.Nonlinearity, X (X - 20 V p-p, Y = 10 V') 


to.-v 




±0.2 


% 


Nonlinearity, Y O’ = 20 V p-p, = U> V; 


±0,2 




±0. j 


=0.1 


% 


FecdlhreuiOt’, X .T Nulled, 
X = 20 V p-p 50 Il2) 
Feedthrough Y (X Nulled, 


±0.3 




±0.15 


±0.3 


% 


Y = 20 V p-p 50 Hz) 


±0.01 




±o.o: 


=0.1 




Uuqput Ofiset Voltage 


±5 


±30 


±2 


=1,^ 


tr.V 


Ou?>ut Of&e;. Voltage Drift 




500 




300 


uV.-’C 


DA’NA.MICS 












Small Signal H'Cl' (^’otT “ 0 1 ren) 


1 








MHz 


1% .AmpLtude Error (Clo-o ~ pP) 


5C 








kll/. 


Slew Kate (AVr 20 p-p) 


2C 




20 




V/ps 


Settling Time Cra 1%, -iVour = 20 V) 


2 




2 




Mi 


NOISE 










uVA'Tiz 


Noise Specctal-Deasity SF = lO V 


0,8 




0.8 




SF = 3 


0.4 




0 4 






Wideband Noise := 10 Hz to 5 MHz 


l.C 




:.D 




mV/rms 


f = 10 Hz a 10 kHz 


90 




90 




uV/rny 


OUTPUT 












Output Volu^ Stnag 


±11 




±11 




V 


Output Impedaoce (li 1 kHz) 
Output Shnrt Circuit Currect 


C.l 




o.i 




Q 


(Ri. = 0, 'I'a - tnin to max) 


3C 




30 




mA 


.Amplifier Goto Loop Gain ;f = 50 Hz) 


?n 




70 




dB 


INPUT AMPILFIERS (X. V and Z)’ 












Signal Voltage Range (Diff. cr CM 


±10 




±’0 




V 


Operaoing Diff.) 


±12 




±12 




V 


Ofiset Voltage X. Y 


±5 


=20 


±2 


=10 


mV 


onset Volagc Drft X; Y 


ICC 




15C 




liV^C 


Offset Vnlttgr 7. 


±5 


±30 


±2 


±15 


mV 


OfIset A’oltage DriJt Z 




500 




300 


liV/«C 


CMRR 


60 SC 




70 90 




dl3 


But Cucrent 


0.3 


2.0 


0.8 


2.0 


M.A 


onset Cucrcr.i 


0.1 




O.i 




ma 


Differential Resjsuioce 


10 




10 




Mli 


DIATDER PERFOR.M.A.NCE 


'Z - 7 1 




'7 -7 t 






Transfer Funenoe (X, > 


C-x.-x,} 




(A>a-,) ‘ 






Total Error* (X= in V, -10 V sZi-^lOV) 


±0.75 




±0.35 




% 


(X » l.V, -1 VSZS fl V) 


±2.0 




±1.0 




% 


(0.1 ViXs lOV, -lOViZilOAO 


±2.5 




±10 




% 


SQUARE PERFORMANCE 






10 7 ’ 






T ransfer F unctior. 










Toul Error (-10 V i X i IC V) 


±0.6 




±C.3 




% 


SQUARE-ROOTER PERFORMANCE 
Transfer Funcoor. (Z, SZj) 












Vl0 7(Z,-Z,) + X’i 




V10 7(Z2-Z,) + Aj 






Total Error* (1 V < Z i 1C V) 


±: 0 




±0.5 




% 


POWER SUPPLY SPECinCATIONS 












Supply Voltage 












Rated Pcrfoirnaacc 


±:5 




±15 




V 


Operatieg 
Supply Current 


±8 


±22 


±8 


=22 


V 


Qiecsccdc 


4 


6 


4 


6 


mA 


PACKAGE OPTIONS 












TO- 100 OMO.A) 


AD531SH 




AD534TH 






TO-116 CD-U) 


.AD531SD 




AD534TD 






S20A 


.AD534SE 




AD534TE 






Chips 


AD534S Chips 




AD534T Chips 







NOTES 

'Figures p\CQ are perccot of full scale, ±!0V (j.e.,0.01% = 1 mV). 

*May be reduced doMt: ;o 3 V using ratemol reaisror between -Vj aod SF. 
'’irreduabie composem due o> aonliocant^*: neludcs c5ect of ofheu. 
*Usicji cxiemai raustor adjusted tc gist SF = 3 V. 

*See Fuaaioail Block Diagram for defifltcoa of socuons. 

SpociScabofu subject to change without oodee. 



SpeciScadotu shown in boldface are teaued on all ptoducaon uaia at 5nal electrical 
test. Results from those tests are used to calculate outgoing qualiiy levels. All nun tad 
mix speoficickins are {ruiriatccd, although only those shou'n in boldEice arc tested 
00 all production units. 
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CHER DIMENSIONS AND BONDING DIAGRAM 



^h<)wn m tnchct acc (n'-m*). 
ConLic: £aci'or>’ for UrEst d-mcnsions. 

X1 .Vj OUT 




Thermal Resistance Bje = 25®C/W for H-IOA 
ISO^C/WforH-lOA 
Oje = 25®C/V for D-14 or H-20A 
0JA = 95^0^ for D-1 4 or 1>20A 



ABSOLUTE MAXIMUM RATINGS 





.ADS34J, K, L 


AD534S, T 


.Supph- Volragc 


±18V 


±22V 


Internal Power Dasipaudn 


500 mW • 


• 


Output Short-Circuit to Ground 


Indefinite 


♦ 


Input Volragw, Xi X; Y, Yj Z, Zj 


±Vs 


* 


Rated Operating Temperature Range 


0*G to +70“G 


-55»C to 
+ 125'’C 


Storage Temperature Range 


-65*Cto +150*C 


* 


l^ead Temperature Range, 60 s Soldenng 


+300»C 


* 



‘Same Ok A13534J Specs. 



OPTIONAL TRIMMING CONFIGURATION 

>v. 



470k 




TO APPROPRIATH 
iNjnrr terminal 



ORDERING GUIDE 



.Model 


Temperature 

Range 


Package 

Description 


Paekage 

Option 


AD534JD 


0»C to +70»C 


Side Brazed DIP 


D-14 


AD534KD 


0"C to +70"C 


Side Brazed DIP 


D-14 


AD534LD 


0«C to +70'*C 


Side Brazed DIP 


D-14 


AD534JH 


0"C to+70*C 


Header 


H-iaA 


AD534KH 


0®C to +70«C 


Header 


H-lOA 


AD53^ILH 


0®C to +70'’C 


Header 


H-lOA 


AD534J Chip 


0«C to +70®C 


Chip 




.\D5 34K Chip 


0"C to +70"C 


Chip 




.AD534SD 


-55“Cio+l25*C 


Side Brazed DIP 


D-14 


AD 534 SD'a 83 B 


55'’Cto+125'’C 


vSidc Brazed DIP 


D-14 


AD534TO 


-55®C to+125“C 


Side Brazed DIP 


D-14 


AD534TD/883B 


55*C to+125»C 


Side Brazed DIP 


D-14 


JM38510/13902BCA 


-55^C to+125*C 


Side Brazed DIP 


D-14 


JM38510/13901BCA 


-55“C to+125“C 


Side Brazed DIP 


D-H 


AD534SE 


-55*C to+125“C 


LjCC 


E-20A 


AD534Sly883B 


-55®C io + l25«C 


LCC 


E-20A 


AD534TE 


-55®C to+125*C 


LCC 


E-20A 


AD534TE/883B 


-55«Cto+125*C 


LCC 


E-20A 


AD534SH 


-55«C io + 125«C 


Header 


H-lOA 


AD534SH/883B 


-SS^C io+125«C 


Header 


H-lOA 


AD534TH 


-55 to + 125«C 


Header 


H-lOA 


AD534'rH/883B 


-55 "C to+125«C 


Header 


H-lOA 


JM38510/13902BLA 


-55 “C to+125'’C 


Header 


H-lOA 


J.M38510/13901BIA 


55®C to+125'’C 


Header 


H-lOA 


AD534S Chip 


-55«Cto+l25'*C 


Chip 




AD534TChip 


- 55 “c to+ias^c 


Chip 





CAUTION 

ESD (clectrosraric discharge) sensitive device. Electrostatic charges as high as 4000 V readily 
accumulate on the human body and test equipmenl and can discharge without detection. 
Although the AD534 features proprietary ESD pruicciioD circuitry, permanent damage may 
occur on devices subjected to high energy elcctrosiatie discharges. Therefore, proper ESD 
precautions are reeommended to avoid performance degradation or loss of funetionality. 



WARNING! ^<1 
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FUNCTIONAL DESCRIPTION 

Figure 1 IS a functional block diagram of the AD534. Inputs arc 
convened to diflferential currents by three identical voltage-to- 
currenr converters, each trimmed for zero offset. The product 
of the X and Y currents is generated by a multiplier cell using 
Gilbert’s transbnear technique. ,\d on-chip “Buried Zener” 
provides a highly stable reference, which is laser trimmed to 
provide an overall scale factor of 1 0 V. The diScrenee between 
XY/SF and Z is then applied to the high gain output amplifier. 
This permits \'anous closed loop configurations and dramati- 
cally reduces nonlineanties due to the input amplifiers, a domi- 
nant source of distortion m earlier designs. The eflectiveness of 
the new scheme can be judged from the faa that under typical 
conditions as a multiplier the nonlinearity on the Y input, with 
X at full scale (±10 is ±0.005% of F.S ; even at its worst 
point, w'hich occurs when X = ±6.1 V, u is typically only 
±0.05% of F..S Nonlinearit}' for signals applied to the X input, 
on the other band, is determined almost entirely by the multi- 
plier element and is parabolic in form This error is a major fac- 
tor in determining The overall accuracy of die unit and hence is 
closely related to the device grade 










Figure 1. AD534 Functional Block Diagram 
I'he generalized transfer funcrion for the AD534 ts given by; 



^OUT 




SF 






where A =open loop gain of output amplifier, typically 
70 dB at dc 



-V, y, Z = input voltages (full scale = ±SF, peak = 

±1.25 SF) 

SF= scale factor, pretrimmed to 10.00 V but adjustable 
by the user dowm to 3 V 

In most cases the open loop gain can be regarded as infinite, 
and SF will be 10 V. The operation perforraed by the AD534, 
can then be described in terms of equation: 



(X, - A' 2 ) (Yi - Yj) - 10 F (Z, - Z 2 ) 



'fhe user may adjust SF for values between 10.00 V and 3 V by 
connecting an external resistor in senes with a potentiometer 
bctw'ccn SF and -Vj;. The approximate \’aluc of the total resis- 
tance for a given value of SF is given by the relationship: 






5AK 



SF 

10-5F 



Due tc device tolerances, allowance should be made to vary 
by ±25% using the potentiometer. Considerable reduenon in 
bias currents; noise and drift can be achieved by decreasing SF. 
This has the overall effect of increasing signal gam without die 
customary increase in noise. Note that die peak input signal is 
always limited to 1 .25 SF (i.e., ±5 V for SF = 4 V) so the overall 
transfer function will show a maximum gain of 1.25. 'Ihc per- 
formance w'iih small input signals, however, is improved by us- 
ing a lower SF since the dynamic range of the inputs is now fully 
utilized. Bandwidth is unaffected by the use of this option. 

Supply voltages oft 15 V arc generally assumed. However, satis- 
faaory’ operation is possible down to ±8 V (sec curve 1). Since 
all inputs maintain a constant peak input capability of ±1.25 SF 
some feedback artenuarion will be necessary' to achieve ouipui 
voltage swings in excess of ± 12 V when usmg higher supply volt- 
ages. 



OPERATION AS A MUXTIPLIER 

Figure 2 shows die basic connection for multiplication. Note 

that the circuit will meet all specifications without trimming. 



xiNPtrr 


*1 ♦Vs 


ilOV FS 




±12V PK 


Xz 




OUT 




SF Zy 




A0534 




2z 


V INPUT 


Vl 


±10V FS 




ii2V PK 


Yj -Va 



OUTPUT, irtiVPK 

' (X^-Xj)(Y<.Ya) _ 

= " ' 

10V 

OPTION AU SUMMING 
INPUT,2.±10V PK 



Figure 2. Basic Muitipiier Connection 



In some cases the user may wish to reduce ac feedthrough to a 
minimum (as in a suppressed carrier modulator) by apphnng an 
extcmal tnm voltage (±30 mV range required) to the X or V in- 
put (sec Optional Trimming Configuration, page 3). Curve 4 
shows the ty'pical ac feedthrough with this adjustment mode. 
Note that die Y mput is a factor of 1 0 lower than the X input 
and should be used in applications where null suppression is 
critical. 



The hi^ impedance Zj terminal of the AD534 may be used to 
sum an additional signal into the output. In this mode the out- 
put amplifier behaves as a voltage follower with a 1 MHz small 
signal bandw^dth and a 20 V/ps slew rate. This terminal should 
always be referenced to the ground point of the driven system., 
particularly if this is remote. Likewise the difTcrcmial inputs 
should be referenced to their respective ground potentials to re- 
alize the full accuracy of the AD534 
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A much lower scaling voltage can be achieved without any vcr 
duenon of input signal range using a feedback attenuator as 
shown in Figure 3. In this example, the scale is such that Volt 
= XY, so that the circuit can exhibit a maximum gam of J 0. 
'fhis connection results in a reduction of bandwidth to about 
80 kHx without the peaking capacitor Cp = 200 pF, In addition, 
the output offset voltage is increased by a factor of 10 making 
external adjustments necessary' in some applications. Adjust- 
ment is made by connecting a 4.7 Mfi resistor between Zj and 
the slider of a pot connected across the supplic-s to provide 
±300 inV of trim range at the output. 




OUTPUT, ±12V PK 

(SCALE. IV) 

OPnOWAL 

PEAKINQ 

CAPAOTOR 

CpsaWpF 



Figure 3. Connections for Scale-Factor of Unity 

Feedback attenuation also retains the capability for adding a 
signal to the output. Signals may be applied to the high imped- 
ance Z 2 terminal where they arc amplified by + 10 or to the com- 
mon ground connection where they are amplified by +1. Input 
signals may also be applied to the lower end of the 10 kfl resis- 
tor, giving a gam of-^ Overvalues of feedback ratio, up to 
XlOO, can be used to combine multiplication with gam. 



Occasionally it may be desirable to convert the output to a cur- 
rent, into a load of unspecified impedance or dc level. For ex- 
ample, the hinction of multiplication is sometimes followed by 
integration; if the output is in the form of a current, a simple ca- 
pacitor will provide the integration funaion. Figure -1 shows 
how this can be achieved. This method can also be applied in 
squaring, dividing and square rooting modev by appropriate 
choice of terminals. 'I*his technique is used in the voltage- 
controlled low-pass filter and tiie differential-input vol[agc-to- 
frequency converter shown in the Applications Section. 




Figure 4 Conversion of Output to Current 



OPERATION AS A SQUARER 

Operation as a squarer is achieved in the same fashion as the 
multiplier except that theX and Y inputs arc used in parallel, 
'file differential inputs can be used to determine the output po- 
lanty (positive for Xj = Yi and X 2 = Yj, neganve if cither one of 
the inputs is reversed). Accuracy in the squaring mode is typi- 
cally a factor of 2 better than in the multiplying mode, the larg- 
c-st errors occurring with small values of output for input below 
I V. 

If the application depends on accurate operation for inputs that 
are always less than ±3 V. the use of a reduced value of SF is 
recommended as described in the FUNCHONAL DESCRIP- 
TION section (previous page). Alternatively, a feedback attenu- 
ator may be usexi to raise the output Ics'el. This is put to use in 
the differ ence-of-squarcs application to compensate for the fac- 
tor of 2 loss involved in generating the siim term (see Figure 7). 

The dilTcrcnce-of-squarcs function is also used as the basis for a 
novel rms-tt>dc convener shown in Figure 14. Tnc averaging 
filter is a true miegraior, and the loop seeks to zero its input. 

For this to occur, (Vj^)* - (V'out)^ = 0 (for signals whose period 
is well below the averaging nme-constant) Hence Vqut is forced 
to equal the rms value of The absolute accuracy of this 
[cchniquc is very high; at medium frequencies, and for signals 
near full scale, it is determined almost entirely by the ratio of the 
resistors in the inverting amplifier. The multiplier scaling volt- 
age affeas only open loop gain. The data shown is typical of 
pcrlbrmancc that can be achieved with an .AD534K, but even 
using an AD 534], this technique can readily provide better than 
1% accuracy over a wide frequency range, even for cresr-facrors 
in excess of 1 0. 
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OPERATION AS A DIVIDER 

The AD535, a pm for pin funcnonal equivaient lo the AD534, 
has guaranteed performance in the divider and square- rooter 
config;urations and is recommended for sudi applications. 
Figure 5 shows the connccDon required for dis-ision. Unlike ear- 
lier produas, the AD534 provides diffcrcndal operation on both 
numewtor and denominator, allowing the ratio of two floating 
variables to be generated. Further Oexibility results from access 
to a high impedance summing input to Yi. As with all dividers 
based on the use of a muliiplicr in a feedback loop, the band- 
width is proportional to the denominator magnitude, as shown 
in curve 8. 



K INPUT 

(0B4OMlNATOin 
♦■10V PS 
♦12V PK 



OPTIONAL 
SUMMING INPUT 
±10V PX 



T 

I 






□ 



Xi 




X 2 


OUT 


8F 


Z, 




AO&34 




2l 






^7 





♦ 1SV OUTPUT, tt 2 VPK 

lOV [Zj-Zt) 
(X,-Xi) * ^ 



■ Z INPUT 
(NUMERATOR) 

' ±10VP3.±12VPK 



' Figure 5. Basic Divider Connection 



Without additional trimming, the accuracy of the AD531K 
and L is sufficient to maintain a 1 % error over a 10 V to 1 V 
denominator range. Tnis range may be extended to 100:1 by 
simply reducing rhe X offset with an cxtc^mally generated trim 
voltage (range required is ±3.5 mV max) applied to the unused 
X input (see Optional Tnmming Configuration). To trim, apply 
a ramp of -^1 00 mV to +V at 1 00 Hz to both X; and Z; (if Xj is 
used for offset adjustment, otherwise reverse the signal polarity) 
and adjust the trim voltage to minimize the vanation in the 
output.* 



Since the output W’ill be near + 10 V, it should be ac-couplcd for 
this adjustment. The increase in noise level and reduction in 
bandwidth preclude operation much beyond a ratio of 100 to 1. 
As with the multiplier connection, overall gain can be intro- 
duced by inserting a simple attenuator between the output and 
Y 2 termina]. 'lliis option, and the differential-ratio capability of 
the AD534 arc utilized in the percentage-computer application 
shown in Figure J 1. This configuration generates an output pro- 
poniona! to the percentage deviation of one variable (A) with re- 
spect to a reference variable (B), with a scale of one volt per 
percent 



OPERATION AS A SQUARE ROOTER 
The operation of the AD534 in the square root mode is shown 
in Figure 6. The diode prevents a latching condition which 
could occur if the input momentarily changes polarity. As 
shown, the output is always posinve^ it may be changed to a 
negative output by reversing the diode direction and interchang- 
ing the X inputs. Since the signal input is differential, all combi- 
nations of input and output polarities can be realized, but 
operation is restricted to the one quadrant associated with each 
combination of inputs 



OUTPUT. ±12V PK 



=Viov{z,.z,> ♦Xj 




In contrast to earlier devices, which were intolerant of capacnnvc 
loads in the square root modes, the .AD534 is stable with all 
loads up to at least 1 000 pF For cmical applications, a small 
adjustment to the Z input offset (see Optional Trimming Con- 
figuration) ivill improve accuracy for inputs below 1 V. 

*Scc the .AD535 Data Sheet for more details. 
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AD534-Applications Section 

The vcrsatiliity of the AD534 allows the creative designer to 
implement a variety of circuits such as wattmeters, frequency 
doublers and automatic gain controls to name but a few'. 




OUTPUT 

10V 



Figure 7. Difference-of-Squares 




NOTES: t) GAIN IS X 10 PEfl-VOtT OF Eo ZERO TO X SO 

2) WIOEBANO ( 1 QH 2 - OOkHr) OUTPUT NOSE S 3<n V R«S. TVP 
CORRESPONDINQ TO A.FJS. S<^ RATIO OF 70 da 

3) MOSE REFEBED TO SIGNAL lf#»UT, WITH Ec ■ A5 V. S «ilV RVS, TYP 

4 ) aAN0WTTHODCTO201CH2.-adB.INOePEN0ENTOFGAIN 

Figure 8. Voitage^ControUed Ampfifter 




U3WG CLOSE TOLERANCE RESISTORS AND ADS34L, ACCURACY 
OF FrrtS WITHPJ iOSIL AT ALL P0»TT3. 6 S M RADIANS. 

Figure 9. Sine-Function Generator 



IIOOULATION 
INPUT, lE, 



carrier INPUT 

Ectmox 






Xi 


4Vs 


5^2 


OUT 


SF 


AD534 ^ 




h 








-Vb 



10V 



EcatUDt 



THE SF PIN OR A 2-ATTENUATOR CAN BE USED TO PROVIDE OVERAa SIGNAL 
AUPURCATION, OPERA DON FROM A SINGLE SUPW.V POSSIBLE; BIAS ¥3 TO V^L 

Figure 10. Unear AM Modulator 




OTHER SCALES, FROM 10% PER VOLT TO U1% PER VOLT CAN BE OBTAINED 
BY ALTERING THE FEEDBACK RATia 



Figure 1 1. Percentage Computer 




Figure 12. Bridge-Linearization Function 
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• 1SV 




WITH Ec = •«.0V. ADJUST I^T TO SET 1 = 1JX»kHz. WITH Ec = 8-OV ADJUST 
TRIMMER CAPAOTOfl TO SET r«8.000hhb. UfCARITV W1LU TYWCALLV BE 
WITHIN ± ai% OF F.S. FOR ANY OTHER »I#>UT. 

DUE TO DELAYS IN THS COMPARATOR, THIS TECHMQUC » NOnr SUTASLE 
FOR MAXIMUM FREQUENCIES ABOVE tOWtt. FOR FREQUENCIES ABOVE 
lOkMl THE ADS37 VOLTAGE TO FREQUENCY CONVERTER 18 RECOUMENOECX 

A TRIANOLE -WAVE Of *ffV PK APPEARS ACROSS THE ODImF CAPACITOR; IF 
USED AS AN OUTPUT. A VOLTAGE- FOLLOWER SHOULD BE INTERPOSED. 

Figure 13. DifferentiaNnput Voltage-to^Frequency Com^erter 



MATCHED TOOJ23% 




WITH SWITCH IN'RMS4 DC POSJTIOfL APPLY AN INPUT OF ♦1.00VDC. 

ADJUST ZERO UNTIL OUTPUT READS SAME AS INPUT. CHECK FOR INPUTS 
OF tlOV; OUTPUT SHOULD BE WITHN 1005% (SmVV 
ACCURACY IS UAJNTAmEO FROM SOHz TO lOOICHz. AND B TYPICAUY HIOM 
BY OS% AT 1MKZ FOR V9, . 4V RMS (SINE, 8QUAHE OR TRIAMQULAH-WAVE). 

PROVIDED THAT THE PEEK INPUT tS NOT EXCESJED. CREST-FACTORS UP 
TO AT LEAST TEN HAVE MO APPRECIABLE EFFECT OH ACCURACY . 

INPUT lfcB»EOAMCE S ABOUT 10KQ; FOR rt<J M (lOMn) IMPEDANCE REMOVE 
MODE SWITCH AND INPUT COltf>UNQ COMPONENTS. 

FOR QUARANTEEO SPECIFICATIONS THE ADS3SA AND A0fi3B IS OFFERED AS 
A SINGLE PACKAGE RMS-TO-OC CONVERTER. 



Figure J4. Wideband, High-Crest Factor, RMS-to-DC Converter 
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AD534-Typical Performance Curves (typicaf at with Vs=±15V dc, unless otherwise noted^ 




e 10 12 14 16 10 20 

POSITIVE OR NEQATIVE SUPPtY - Vot» 

Curve 1. Input/Output Signal Range vs. Supply Voltages 




10 100 1b 10k 100k 1M 10M 

FREQUENCY - Hz 

Curve 4 AC Feedthrough vs. Frequency 




Curve 2, Bias Currents vs. Temperature {X, V or Z Inputs) 



I? 



i 

UJ 

a 

< 

a 

a 




10 100 Ik 10k 1Q0k 

FREQUENCY - Hz 



Carve 5. l\loise Spectral Density vs. Frequency 



90 
00 
70 
so 

T ^ 

<c 

§ « 
u 

30 
20 
ID 
O 

100 Ik 10*1 took 1M 

FREQUENCY - Hr 

Curve 3. Common-Mode Rejection Ratio vs. Frequency 




tS S 73 10 



SCAUNQ VOETAOE. 8F - Vo«* 

Curve 6. Wideband Noise vs. Scaling Voltage 
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